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after injury. Additionally, we observed changes in the cycling dynamics of the basal epithelial cells after
denervation, which points to corneal nerves being an important component of the niche. Together, this
work provides novel insights into the mechanisms underlying stem cell behavior and regulation in the
corneal epithelium.

Degree Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Graduate Group
Cell & Molecular Biology

First Advisor
Panteleimon Rompolas

Keywords
Cornea, Epithelia, Intravital imaging, Limbus, Stem cells, Two-photon microscopy

Subject Categories
Cell Biology | Ophthalmology

This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/4657

INVESTIGATING THE MECHANISMS OF CORNEAL MAINTENANCE AND REGENERATION
BY 2-PHOTON LIVE IMAGING
Olivia M. Farrelly
A DISSERTATION
in
Cell and Molecular Biology
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
2021

Supervisor of Dissertation
______________
Panteleimon Rompolas, Ph.D.
Assistant Professor of Dermatology

Graduate Group Chairperson
_________________
Daniel S. Kessler, Ph.D.
Associate Professor of Cell and Developmental Biology

Dissertation Committee
Yana G. Kamberov, Ph.D., Assistant Professor of Genetics
Christopher J. Lengner, Ph.D., Associate Professor of Biomedical Sciences
Michael Granato, Ph.D., Professor of Cell and Developmental Biology
George Cotsarelis, M.D., Milton Bixler Hartzell Professor of Dermatology

ACKNOWLEDGMENTS

Just as all stem cells need their niche, I could not have made it this far without
the support of my own ‘niche’. Thank you to my thesis mentor, Pantelis Rompolas, the
members of the Rompolas Lab (past and present), my thesis committee, and my friends
and family for your advice and unwavering words of encouragement these past five
years.

ii

ABSTRACT
INVESTIGATING THE MECHANISMS OF CORNEAL MAINTENANCE AND REGENERATION
BY 2-PHOTON LIVE IMAGING
Olivia M. Farrelly
Panteleimon Rompolas

The cornea lines the anterior ocular surface and is necessary to control and focus
incoming light toward the retina. The topmost layer of the cornea consists of a stratified
epithelium that is essential for maintaining corneal transparency and visual acuity. This layer acts
as a protective barrier, and as such, is subject to frequent injuries and environmental insults.
Given the importance of the corneal epithelium, long-term maintenance is critical and is sustained
by a population of stem cells that exist within the periphery of the tissue in an area known as the
limbus. While the existence of these stem cells is well established, their behaviors in vivo and
their regulation are poorly understood. To address these gaps in knowledge, we developed an
intravital imaging technique that uses two-photon microscopy to visualize cellular activity in real
time in the eyes of live mice. Using this method, in conjunction with various genetic mouse
models, we captured and analyzed the activity and regulation of stem cells in the limbus by live
imaging. We found that the stem cells in the limbus are heterogenous and can be divided into two
populations. One in the inner limbus that gives rise to transient progenitors that exit the niche and
move centripetally to maintain the corneal tissue. And the other in the outer limbus that gives rise
to progenitors that display only local clonal dynamics during homeostasis, but can contribute to
corneal regeneration after injury. Additionally, we observed changes in the cycling dynamics of
the basal epithelial cells after denervation, which points to corneal nerves being an important
component of the niche. Together, this work provides novel insights into the mechanisms
underlying stem cell behavior and regulation in the corneal epithelium.
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CHAPTER 1 – INTRODUCTION
This chapter will present background information relevant to the experiments that
will be discussed in later chapters. The first section will explain the general significance
of the work presented in this dissertation. The second part will introduce the corneal
anatomy, focusing on the corneal and limbal epithelium and how stem cells maintain this
tissue during homeostasis and regeneration. The third part will discuss components of
the limbal stem cell niche that regulate stem cell behavior. The final part will introduce
the corneal nerves and discuss how innervation supports epithelial maintenance.

1.1. Significance
Humans rely heavily on visual information to navigate through their environment.
A properly functioning cornea—the transparent, outer layer of the eye—is a crucial
component of the eye’s optical system and is necessary to refract light to the retina.
According to the World Health Organization, corneal opacities are the fourth highest
cause of blindness (Pineda, 2020). Of the 43.3 million people worldwide who are blind,
approximately 2.2 million cases are due to corneal disease or injury (GBD 2019
Blindness and Vision Impairment Collaborators Vision Loss Expert Group of the Global
Burden of Disease Study, 2021). Currently, corneal grafts or transplants are the only
curative treatment for patients with advanced corneal disease and for some, these
treatment options are not viable or are met with complications (Singh et al., 2019).
While the etiology of ocular surface disease is complicated and includes a multitude of
infectious and inflammatory conditions, symptoms manifest due to abnormal stem cell
proliferation and/or differentiation. Ongoing efforts to harness the potential of limbal stem
1

cells for cell-based therapies hold immense promise (Bobba et al., 2018). A
comprehensive understanding of how stem cells coordinate their fate and interact with
their surrounding microenvironment to support tissue homeostasis is necessary to
continue developing effective therapies that address corneal blindness.

1.2. Stem cells in the limbus maintain the corneal epithelium
The cornea lines the external ocular surface and consists of three main layers:
the epithelium, stroma, and endothelium (Fig. 1.1A). The corneal epithelium acts as a
protective barrier and contains cells that undergo constant renewal. This process is
sustained by stem cells that replace cells that are naturally shed from the surface or are
lost due to injury. Though there has been intense debate as to where these stem cells
reside, the most widely accepted model suggests that these cells exist in the periphery
of the corneal tissue, in an area known as the limbus. The limbus is a narrow transition
zone that separates the corneal epithelium from the conjunctival epithelium (Fig. 1.1A).
Stem cells in the limbus were first identified by Cotsarelis et al. (1989), where
authors used a pulse-chase experiment with 3H-thymidine labeling to demonstrate that
the basal layer of the limbal epithelium contains a population of slow-cycling, labelretaining cells (LRCs), a property used to identify long-lived stem cells (Cotsarelis et al.,
1989a). Additional studies using H2B-GFP (Parfitt et al., 2015), BrdU (Sartaj et al., 2017)
or EdU (Ishii et al., 2020) labeling have confirmed the existence of LRCs in the limbus.
To further characterize these cells, many research groups have put substantial effort into
discovering limbal stem cell-specific molecular markers. Basal cells within the limbus do
not express Keratin 3 and 12, which are expressed by terminally differentiated corneal
2

epithelial cells, but instead express Keratin 14 (K14), a feature shared by stem and/or
progenitor cells in the basal layer of other stratified epithelia (Notara et al., 2010a),
(Daniels et al., 2001), (Dziasko and Daniels, 2016). Additionally, many cells within the
limbus also express putative stem cell markers, including the DN isoform of
transformation-related protein 63 (p63), which is expressed by proliferative stem and/or
progenitor cells in several stratified epithelia (Pellegrini et al., 2001a). Additional markers
include, but are not limited to, ABCG2 (de Paiva et al., 2005), ABCG5 (Ksander et al.,
2014), Keratin 15 (K15) (Yoshida et al., 2006), (Nasser et al., 2018a), Keratin 19 (K19)
(Larouche et al., 2005), Lrig1 (Nakamura et al., 2014), C/EBPδ (Barbaro et al., 2007),
and α-enolase (Zieske et al., 1992). Though this long list exists, there remains
contention regarding whether one specific marker can be used to identify the entire stem
cell population in the limbus. More likely, the reason a specific marker has not been
found is because limbal stem cells are not a homogenous population. A growing body of
evidence indicates that stem cells in various organs are not uniform and function
cooperatively (Goodell et al., 2015), (Rice and Rompolas, 2020). To investigate this
potential heterogeneity, groups have used singe cell RNA sequencing (scRNA-seq) to
investigate the molecular heterogeneity of cells throughout the mouse and human
corneal and limbal epithelium (Kaplan et al., 2019), (Altshuler et al., 2021), (Collin et al.,
2021), (Li et al., 2021). In one example, Altshuler et al. (2021) found that quiescent cells
in the outer part of the mouse limbus co-express Krt15/Gpha2/Ifitm3/Cd63, while more
active stem cells in the inner part of the limbus co-express Krt15/Atf3/Mt1-2/Socs3
(Altshuler et al., 2021). Additionally, Li et al. (2021) found similar heterogeneity within
isolated cells from the basal limbal epithelium of two human donors (Li et al., 2021).
These results suggest there are subpopulations of stem cells in the limbus that can be
3

identified using a panel of markers, and that there is a possibility of using these markers
to isolate and enrich for specific populations of limbal stem cells.
Epithelial turnover is essential for maintaining organ health in self-renewing
tissues. The corneal epithelium is dynamic, where homeostasis depends on a balance
between stem and progenitor cell division, migration, and loss. To understand how this
balance is maintained, investigators have used a variety of genetic mouse models to
lineage trace limbal stem cells and their progeny. Collinson et al. (2002), used chimeric
LacZ+/- X-inactivation mice to characterize patterns of epithelial cell growth and
movement in the corneas of developing and adult mice (Collinson et al., 2002a). The
authors observed random patches of LacZ-positive cells at 3 weeks of age, which were
gradually replaced by radial stripes that extended from the limbus towards the central
cornea by 10 weeks of age (Collinson et al., 2002a). This process was corroborated by
the same group using mosaic PAX6-GFP transgenic mice (Mort et al., 2009a). The
dynamic nature of corneal epithelial turnover was also investigated by Nagasaki & Zhao
(2003), who combined a ‘mosaic’ β-actin-driven GFP mouse with longitudinal in vivo
fluorescence microscopy (Nagasaki and Zhao, 2003). By following the corneas of the
same mice over time, the authors saw the movement of GFP+ cells from the limbus that
steadily grew as streaks towards the central cornea. Altogether, these data suggest that
two distinct stages occur during corneal epithelial development. In the first stage,
progenitor cells are randomly dispersed across the embryonic and neonatal cornea.
While during the second stage, stem cell activity is confined to the limbus in the postnatal cornea, where the corneal epithelium is replenished by progenitors that arise from
the limbus and travel toward the central cornea (Fig. 1.1B).
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Investigators have also used cell-specific, conditional genetic reporter systems to
study stem and progenitor cell behavior across the corneal epithelium. One recent
example is the use of the K14CreERT2 promoter to drive expression of the multi-colored
Confetti reporter allele (K14Confetti) (Amitai-Lange et al., 2015a), (Richardson et al., 2017),
(Richardson et al., 2018), (Park et al., 2019a). K14 was specifically chosen because it is
highly expressed in the mammalian limbus (Kurpakus et al., 1994), (Chen et al., 2010),
(Di Girolamo et al., 2015), (Barnard et al., 2001), and therefore, some of these cells must
represent stem cells. These studies used confocal imaging to visualize multi-colored
cells as they emerged from the peripheral cornea, initially as small clonal aggregates,
and subsequently as multicolored radial lineages that traveled along a narrow path
towards the central cornea. Other drivers include K15 (Nasser et al., 2018a), (Altshuler
et al., 2021), as well as several others that will be described in Chapter 2. These data
collectively indicate that, during homeostasis, proliferating basal cells within the limbus
give rise to more differentiated progenitor cells that move across the cornea in a
centripetal motion (Fig. 1.1B). These transit-amplifying cells then give rise to postmitotic, terminally differentiated cells that detach from the basal lamina and are
eventually shed from the ocular surface (Fig. 1.1B).
Because the corneal epithelium lines the outermost layer of the eye, it is
frequently subject to injury. The process of epithelial wound healing is complex but was
recently meticulously studied by Park et al. (2019) (Park et al., 2019a). Using K14Confetti
mice, the authors found that a shallow epithelial abrasion adjacent to the central cornea
induced proliferation in the periphery, but not the central cornea. This increase in
proliferation in the periphery pushes new basal cells to elongate and travel centripetally
into the wound bed. These basal cells then generate an immature basement membrane
5

and resolve the wound within 24 hours. Afterwards, proliferation subsides, and the new
cells stratify and slowly replace the cells that were left in the central cornea until the
tissue function is fully restored. Altogether, these studies provide us with valuable
information regarding the collective activity and coordinated dynamics of the stem and
progenitor cells within the corneal epithelium. However, the functional significance of
these observed cellular behaviors and how they are subject to extrinsic regulation is still
unclear.

1.3. External regulation of stem cell behavior by the limbal niche
Stem cell fate is tightly regulated by both intrinsic and extrinsic signals (Watt and
Hogan, 2000). The extrinsic signals that govern the activity of stem cells collectively
make up the stem cell microenvironment, or niche. The exact cellular and molecular
mechanisms by which components of the niche regulate stem cell fate are currently
being elucidated. When considering the features of the limbal niche, it is important to first
compare the key anatomical differences between the limbal microenvironment and the
central cornea. In humans, the limbus is distinct from the rest of the corneal tissue due to
the existence of ridges, called the ‘palisades of Vogt’ (Goldberg and Bron, 1982), and
troughs, called limbal epithelial crypts (Dua et al., 2005) or limbal crypts (Shortt et al.,
2007). These structures interact closely with unique aspects within the limbal stroma,
including distinct extracellular matrix (ECM) components, the vasculature, immune cells,
and the peripheral nervous system (which will be discussed in Section 1.4). It is
necessary to note that, while the mouse limbus does not seem to contain the same
anatomical structures (i.e., the palisades of Vogt and limbal crypts), the limbal epithelium
still directly interacts with the niche components mentioned above.
6

Previous work has studied differences in composition between the limbal and
corneal stroma. Studies in the human eye have found that the limbal stroma contains
distinct ECM components compared to the corneal stroma, including α1 and α2 collagen
IV, β2 laminin and vitronectin (Ljubimov et al., 1995). A recent study in the developing
mouse epidermis demonstrated that the spatial pattern of cell division orientation is
directed locally by the underlying collagen fiber orientation (Dekoninck et al., 2020). It
will be interesting to investigate whether this is also the case in the developing and adult
cornea. There is also evidence that direct contact between specific mesenchymal cells in
the limbal stroma and basal cells in the limbal epithelium is critical to maintain stemness
(Higa et al., 2013). Stromal cells in the limbal niche express specific biochemical factors
that regulate stem cell fate. One example is the Wnt/β-catenin signaling pathway, which
has been shown to be important to control stem cell proliferation and differentiation in
the cornea (Nakatsu et al., 2011), (Ouyang et al., 2014), (Zhang et al., 2015), as well as
other tissues (Clevers et al., 2014).
Another factor that is significant in regulating stem cell fate is the mechanical
properties of the surrounding niche (Engler et al., 2006). Stem cell niches often display
unique biomechanical traits to help maintain stemness. For example, numerous stem
cell niches have been shown to be significantly less stiff compared to the rest of the
tissue (Bornschlögl et al., 2016), (Monge et al., 2017), (Gouveia et al., 2019),
(Bhattacharya et al., 2021). This phenomenon was recently studied by Bhattacharya et
al. (2021), where authors tested the rigidity of the stroma underlying the limbal and
corneal epithelium in 15-day-old (P15) and 60-day-old (P60) mice (Bhattacharya et al.,
2021). At P15, the stiffness of the corneal and limbal stroma were similarly low.
However, at P60, the limbal stroma was significantly less rigid than the corneal stroma.
7

The authors additionally studied changes in the localization of the transcriptional
activator Yes-associated protein (YAP), which is known to be regulated by mechanical
cues. At P15, YAP was distributed similarly across the epithelium, and was localized to
the nucleus. At P60, nuclear YAP signal was restricted to the limbal compartment, while
cytosolic YAP signal was detected in the central cornea.
An additional key difference between the limbal niche and the rest of the corneal
tissue is the presence of a complex vascular network (Papas, 2003). The limbal
vasculature is in close contact with basal cells in the limbal epithelium and provides
factors that are important for the metabolic needs of the cells (Huang et al., 2015).
Furthermore, the vascular network acts as an entry and exit point for several types of
immune cells (Galletti et al., 2017), (Perez, 2017). Though many types of immune cells
exist within the limbus (Liu and Li, 2021), Altschuler et al. (2021) found that T cells may
directly regulate quiescence in stem cells in the outer portion of the limbus (Altshuler et
al., 2021). By staining whole-mount mouse corneas for surface markers of immune cell
sub-populations, the authors found that Cd3+ T cells, including Cd3+/Cd4+ and
Cd4+/Cd25+ regulatory T cells and fewer Cd3+/Cd8+ T cells were specifically located in
the outer portion of the limbus. The authors additionally found that thymus-deficient
Foxn1-deficient mice displayed severe corneal defects, such as corneal vascularization
and opacification. Evidence suggests that T cells play two important roles, one for
immune surveillance and another for secreting cytokines to regulate stem cell function
(Naik et al., 2018).
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1.4. Corneal nerves and their role in epithelial maintenance
There is mounting evidence that peripheral nerves are an important component
of the niche and provide vital information that influences stem cell fate. Tissue, organ
and appendage regeneration, in both invertebrates and vertebrates, depends on
neuronal input (Kumar and Brockes, 2012). Additionally, neuropeptides secreted from
different populations of neurons have been shown to regulate the fate of epithelial
progenitors in the intestine (Bjerknes and Cheng, 2001) and the skin (Brownell et al.,
2011), (Liao and Nguyen, 2014). Recent work in our lab showed that surgical ablation of
cutaneous nerves induces profound changes in the activity of epidermal and hair follicle
progenitors and impairs wound healing (Huang et al., 2021).
The cornea is highly innervated with nerve fibers that are predominantly sensory
in origin. While the etiology of corneal disease varies, sensation is frequently diminished
or absent in these conditions due to nerve dysfunction or degeneration. These nerve
fibers are derived from the ophthalmic division of the trigeminal nerve, which then
branches into the long posterior ciliary nerves (Fig. 1.2A). These nerves lose their
perineurium and myelin sheaths and enter the peripheral stroma (Müller et al., 2003).
Stromal nerve fibers penetrate the Bowman’s layer, which sits just below the epithelium,
and run centripetally to form the sub-basal nerve plexus (Fig. 1.2B) (Müller et al., 1996),
(Schimmelpfennig, 1982). These nerve bundles give rise to an abundance of smaller,
vertically oriented terminal nerve branches that create a complex network throughout the
epithelium (Fig. 1.2C) (Müller et al., 2003). Corneal nerves are responsible for the
sensations of touch, pain and temperature, and play an important role in the blink reflex
and in tear production and secretion (Müller et al., 2003). Though the general
organization and sensory role of the corneal nerves is well-characterized, there is
9

experimental evidence to suggest that proper innervation is also critical for maintaining
normal corneal physiology.
The sub-basal nerve plexus forms shortly after birth and slowly develops a swirl
pattern that converges at the center of the cornea (He et al., 2010), (McKenna and
Lwigale, 2011), (He and Bazan, 2016). Interestingly, we, as well as others (Richardson
et al., 2017), (Tuck et al., 2021), have noted that the pattern of radially migrating
epithelial cells are strikingly similar to the centripetal extensions of neuronal axons from
the limbus to the central cornea. The development of this distinct pattern in the subbasal plexus has been studied in mice where, during embryogenesis, corneal
innervation begins at E16.5 and completes between 3-4 weeks after birth (McKenna and
Lwigale, 2011), (Tuck et al., 2021). This timing coincides with the activity of the epithelial
progenitors that initially form randomly oriented patches that begin to be replaced by
radial stripes around 5 weeks after birth (Collinson et al., 2002a), (Mort et al., 2009a).
Recently, Tuck et al. (2021), studied the association between these two cell types using
K14Confetti mice (Tuck et al., 2021). The authors immunostained lineage-traced corneas
for β-tubulin III, a pan-neuronal marker, and analyzed the directionality of the axons
compared to the epithelial lineages. They found that there was a significant association
between the two cell types, where both neuronal and epithelial components swirled in
the same direction. Additionally, Stepp et al. (2017) found that basal cells in the corneal
epithelium can act as surrogate Schwann cells for the sub-basal plexus (Stepp et al.,
2017). These data suggest that the corneal nerves may be providing the tracks for these
progenitors or providing chemotactic cues for epithelial cell movement.
Previous studies have used in vitro experiments to study the basic biology behind
the interactions between corneal nerves and epithelial cells, and have shown that nerve10

secreted factors and neuropeptides such as nerve growth factor (NGF), substance P,
and brain-derived neurotrophic factor sustain corneal epithelial integrity and promote
epithelial proliferation (Goins, 2005). Addition of NGF to cultures of human basal limbal
cells results in increased expansion of clonal growth (Meyer-Blazejewska et al., 2010).
This is supported by evidence that basal cells within the corneal epithelium express
tropomyosin receptor kinase A, a high affinity NGF receptor (Touhami et al., 2002), (Qi
et al., 2007), (Qi et al., 2008), (Li et al., 2017). While these in vitro studies highlight the
importance of neuronal input in maintaining corneal epithelial homeostasis, in vivo
studies are necessary to understand how innervation is required in a physiological
setting.
Neurotrophic Keratopathy (NK) describes a range of degenerative corneal
diseases caused by a deficiency in corneal innervation and is characterized by a
decrease in or absence of corneal sensation. Many ocular and systemic diseases can
lead to NK, including viral infection, complications from surgery, and diabetes (Bonini et
al., 2003). The corneal epithelium is the primary target of the disease, where patients
first display epithelial dystrophy, punctate keratopathy, and poor spontaneous wound
healing. As the disease progresses, patients develop corneal ulcers and perforation,
which can lead to blindness (Fig. 1.2D). Although NK can be easily diagnosed from a
patient’s medical history and clinical findings, its management is one of the most
challenging among all corneal diseases (Bonini et al., 2003). A comprehensive
understanding of the interactions between the nerves and the cell types within the
cornea, including epithelial and stromal cells, is necessary to uncover the underlying
biology of NK. A few studies have investigated the influence of corneal denervation on
epithelial stem and progenitor cells in vivo using an NK model (Ferrari et al., 2011),
11

(Ueno et al., 2012), (Okada et al., 2019). Together, these studies conclude that corneal
denervation affects stem cell homeostasis and leads to a significant decrease in both the
number and function of corneal stem and progenitor cells. However, these studies were
unable to quantify changes in stem cell activity over time or elucidate the mechanism
underlying their conclusion due to experimental limitations. To overcome these
limitations and to properly address how intrinsic and extrinsic factors that regulate the
stem and progenitor cells within the cornea, it is necessary to combine different cell and
population labeling strategies with live imaging approaches and genomic analyses.
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Figure 1.1. Stem cells in the limbus maintain the corneal epithelium
(A) Image of the live mouse eye and cornea taken with a 2-photon microscope. Rosa26tdTomato (red) is used as a global reporter, while GFP (green) labels the Keratin 14+ progenitors
in the limbus and central cornea. (B) Model depicting the maintenance of the corneal epithelium
by stem cells in the limbus (middle panel). Diagram illustrating basal progenitor cells in the central
cornea undergoing differentiation (right panel). Adapted from (Collinson et al., 2002a).
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Figure 1.2. Corneal nerves and their role in epithelial disease
(A) Diagram showing the sensory innervation of the cornea. (B) Maximum projection of corneal
nerve processes showing the whorl-like pattern in the sub-basal plexus. (C) Diagram depicting a
lateral view through the cornea showing the stromal nerve bundles that branch into intraepithelial
nerve fibers (left panel). Diagram showing the close association between intraepithelial axons and
epithelial cells in the cornea (right panel). (D) Representative images of the stages of NK. Stage
1: cloudy and irregular corneal epithelium. Stage 2: large epithelial defect characterized by
smooth edges. Stage 3: deep corneal ulcer and stromal melting. Adapted from (Versura et al.,
2018).
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CHAPTER 2
Two-photon live imaging of single corneal stem cells reveals compartmentalized
organization of the limbal niche

This chapter is adapted from the article titled “Two-photon live imaging of single
corneal stem cells reveals compartmentalized organization of the limbal niche” by Olivia
Farrelly, Yoko Suzuki-Horiuchi, Megan Brewster, Paola Kuri, Sixia Huang, Gabriella
Rice, Hyunjin Bae, Jianming Xu, Tzvete Dentchev, Vivian Lee, and Panteleimon
Rompolas. Cell Stem Cell, 2021.

2.1. Abstract
The functional heterogeneity of resident stem cells that support adult organs is
incompletely understood. Here, we directly visualize the corneal limbus in the eyes of
live mice and identify discrete stem cell niche compartments. By recording the life cycle
of individual stem cells and their progeny, we directly analyze their fates and show that
their location within the tissue can predict their differentiation status. Stem cells in the
inner limbus undergo mostly symmetric divisions and are required to sustain the
population of transient progenitors that support corneal homeostasis. Using in situ
photolabeling, we captured their progeny exiting the niche before moving centripetally in
unison. The long-implicated, slow-cycling stem cells in the outer limbus are functionally
distinct and display local clonal dynamics during homeostasis but can contribute to
corneal regeneration after injury. This study demonstrates how the compartmentalized
organization of functionally diverse stem cell populations supports the maintenance and
regeneration of an adult organ.
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2.2. Introduction
Stratified squamous epithelia undergo continuous regeneration. During this
process, terminally differentiated cells are shed from their surface and are replenished
by keratinocytes from the basal layer that display stem cell properties (Marques-Pereira
and Leblond, 1965), (Green, 1980). Due to constant cell loss, stratified squamous
epithelia must exist in a state of dynamic equilibrium to maintain their tissue structure
and function (Belokhvostova et al., 2018). Diseases that affect surface epithelia are
characterized by abnormal cell proliferation or differentiation, yet it is not fully understood
how the fate of individual stem cells is coordinated organ-wide to achieve tissue
homeostasis. Studies in the epidermis and the esophagus have supported a model
whereby basal layer keratinocytes have equal potential and likely regulate their fates
based on local interactions with neighboring stem cells (Clayton et al., 2007a), (Mascré
et al., 2012), (Doupé et al., 2012), (Rompolas et al., 2016), (Piedrafita et al., 2020),
(Mesa et al., 2018). The cornea is a unique example of a squamous stratified epithelium
that has typical histological characteristics and a barrier function but displays a distinct
stem cell organization (Schermer et al., 1986), (Cotsarelis et al., 1989b), (Pellegrini et al.,
1999), (Notara et al., 2010b).
The cornea lines the anterior ocular surface and is critical for vision, acting as a
protective barrier for the eye and refracting light toward the retina. In contrast to the
epidermis or esophagus, stem cells in the corneal epithelium are proposed to be
hierarchically organized and reside in a specific niche in the periphery of the tissue,
called the limbus (Lavker et al., 2004), (West et al., 2015). Evidence suggests that the
cornea is self-contained and is anatomically and functionally separated from the more
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posteriorly located conjunctiva, with which they form a continuous surface. Long-lived
stem cells, located at the border between the two epithelia, generate the more
differentiated progeny that replenish the entire corneal tissue (Collinson et al., 2002a),
(Mort et al., 2009a), (Di Girolamo et al., 2015), (Amitai-Lange et al., 2015a), (Dorà et al.,
2015), (Kasetti et al., 2016). This hierarchical organization implies two distinct “fluxes” of
cells, one within the basal layer, from the limbus to the center of the cornea, and a
second from the proliferative cells throughout the basal layer to the terminally
differentiated, desquamated cells at the surface of the tissue (West et al., 2018), (Lobo
et al., 2016). To expand upon this knowledge, we set out to directly test these models
by resolving the dynamics of corneal stem cells and their progeny in the live mouse
cornea.
A common feature of stem cells in regenerating organs is their localization within
discrete niches, which are critical for establishing their identity and regulating their
distinct behaviors (Schofield, 1978), (Ohlstein et al., 2004), (Moore and Lemischka,
2006), (Scadden, 2014). Experimental and clinical evidence suggest that the limbus
harbors bona fide stem cells that regenerate the cornea and is also the location of slowcycling, label-retaining cells, long presumed to be part of the same corneal stem cell
hierarchy (Collinson et al., 2002a), (Huang and Tseng, 1991), (Lavker et al., 1991),
(Rama et al., 2010). Slow-cycling ability, a hallmark of stem cells in various tissues, is
also associated with distinct reserve populations (Cotsarelis et al., 1990), (Tumbar et al.,
2004), (Wilson et al., 2008a), (Takeda et al., 2011). The behavior of individual stem cells
in the limbus has not been directly visualized in vivo, and therefore, the functional
heterogeneity and requirement of these cells for corneal homeostasis and regeneration
remain unresolved.
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In recent years, 2-photon microscopy has been successfully used to visualize
stem cell behavior in regenerating organs, including the skin, intestine, and
hematopoietic system (Celso et al., 2009), (Rompolas et al., 2012), (Ritsma et al., 2014),
(Huang and Rompolas, 2017). Such studies have offered critical insight into the cellular
mechanisms that govern tissue regeneration by capturing stem cell activity in their native
tissue environment. The cornea is an ideal tissue for intravital imaging due its
accessibility, optical transparency, defined topology, and relatively simple organization.
Widefield fluorescent imaging combined with in vivo lineage tracing has provided critical
information for the contribution of limbal stem cells to corneal homeostasis and
regeneration (Di Girolamo et al., 2015), (Amitai-Lange et al., 2015a), (Amitai-Lange et al.,
2015c), (Richardson et al., 2017), (Park et al., 2019b), (Nasser et al., 2018a). Building
on this paradigm, we developed genetic tools and a 2-photon microscopy-based
intravital imaging system to capture the activity of corneal stem cells and their progeny,
in real-time as well as long-term, in the intact eyes of live mice.

2.3. Results
2.3.1. Intravital imaging of the limbus by two-photon microscopy
To interrogate the clonal dynamics that enable the homeostatic maintenance of
the cornea and determine the precise location of stem cells in the limbal niche, we
devised a two-photon-microscopy-based system to visualize the live mouse limbus, at
single-cell resolution, without compromising the structural integrity or physiology of the
eye (Fig. 2.1A; Fig. 2.2A). We combined this with a Cre-recombinase-based in vivo
lineage tracing strategy to resolve the activity and contribution of individual stem cells by
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longitudinal live imaging (Fig. 2.1B). Several molecular markers have been proposed to
distinguish bona fide stem cells in the murine and human limbus, but there remains a
lack of consensus regarding whether any one marker is expressed in this population
(Guo et al., 2018). To address this challenge, we hypothesized that we could identify all
the potential stem cell populations within the limbus retrospectively by labeling single
cells without bias and directly tracing their respective lineage over time by intravital
imaging.
To test this hypothesis, we used an inducible p63CreERT2 genetic driver because of
its ubiquitous activity in the basal layer of stratified epithelia (Pellegrini et al., 2001b),
(Truong et al., 2006), (Senoo et al., 2007), (Lee et al., 2014). Using the p63CreERT2 driver,
in conjunction with a dual-fluorescent ROSA26LoxP-tdTomato-STOP-LoxP-EGFP Cre-reporter (R26mTmG), we marked basal stem/progenitor cells across the entire surface epithelium,
composed of the cornea, limbus, and conjunctiva (Fig. 2.1C). To directly track the
emergence of long-lived lineages generated from labeled stem cells, we acquired highresolution, full-thickness serial optical sections of the whole anterior eye, including the
limbus, and then reimaged the same eyes over time using identical acquisition
parameters (Fig. 2.2B). Several weeks after induction, only clones that were sustained
by stem cells were present in the tissue (Fig. 2.1C, D; Fig. 2.2B).
Close examination of the limbus revealed heterogeneity in the appearance,
localization, and behavior of the long-lived clones emerging from the niche (Fig. 2.1D, E;
Fig. 2.2B). In line with previous studies, we observed cells that gave rise to lineages that
exited the niche and expanded centripetally toward the central cornea. Almost all the
centripetal limbal clones had a common line of origin where the tissue transitions from
the multi-layered cornea to the three-layered limbal epithelium (Fig. 2.1E). Surprisingly,
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immediately adjacent to the line of origin of the radial lineages, we observed discrete
limbal clones that only expanded within their original location and never exited the niche
(Fig. 2.1D; Fig. 2.2B). R26-mTmG ubiquitously labels the membrane of every cell in the
live tissue. This reporter, combined with second harmonic generation (SHG) microscopy
(Chen et al., 2012), which was used to visualize the extracellular matrix, enabled us to
resolve the histological organization of the live tissue and determine the relative location
of labeled cells within the niche (Fig. 2.1E). We observed that the stationary limbal
clones co-localized and oriented parallel to the circumferentially aligned collagen fibers
and blood vessels of the underlying limbal stroma (Fig. 2.2C, D). Using additional in vivo
reporters, we found that corneal nerves and certain immune cells also localized to this
area of the limbus (Fig. 2.2C, E). Based on these findings, we hypothesized that the
limbus is organized into at least two distinct stem cell compartments. We used
topological criteria to define these compartments as the “outer” and “inner” limbus,
according to their proximity to the cornea.
2.3.2. Spatially distinct clonal dynamics reveal a compartmentalized limbal niche
To further resolve the functional heterogeneity of the stem cells in the limbus, we
performed lineage tracing by longitudinal live imaging and analyzed the growth
characteristics of the emerging long-lived clones. For these experiments, we used the
ROSA26LoxP-STOP-LoxP-tdTomato (R26-tdTom) Cre-reporter because it allowed us to precisely
control the extent of recombination necessary to label a representative fraction of
spatially separated basal cells, including all the potential limbal stem cell populations
(Fig. 2.1F; Fig. 2.3A). Based on the lineage tracing analysis, clones were classified into
three major categories according to their location, dimension, and orientation (Fig. 2.1GJ; Fig. 2.3B). In the limbus, we found evidence of at least two distinct stem cell activities.
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We observed large, radially oriented clones that emanated from the inner limbus shortly
after induction and expanded centripetally over time (Fig. 2.1G; Fig. 2.3B). These
progressively replaced the smaller, randomly distributed short-lived clones in the central
cornea, which conforms to the definition of a bona fide corneal stem cell population.
However, we also consistently identified smaller clones that formed exclusively in the
outer limbus (Fig. 2.1G). These smaller clones remained spatially separated from their
larger counterpart throughout the entire imaging time course.
Based on quantitative clonal analysis, the number of clones originally labeled
within the cornea showed the most rapid decrease over time (Fig. 2.1H). This decrease
was balanced by the robust growth of a few expanding clones emanating from the inner
limbus, which was reflected by the bifurcation in the size of the centripetally expanding
corneal clones over the imaging time course (Fig. 2.1I). Interestingly, clones in the outer
limbus showed the slowest decline in their average size compared to the other
populations (Fig. 2.1H, I). Progenitors marked in the conjunctiva displayed no apparent
polarization in their overall growth patterns. Analysis of the anisotropy of the growth
dynamics in the emerging clones in the outer limbus showed that they orient
perpendicularly to the radial line between the limbus and the center of the cornea (Fig.
2.1J).
2.3.3. Corneal progenitors that exit the limbal niche display uniform centripetal
mobility
We next tested the hypothesis that basal progenitors in the cornea have a limited
lifespan and are replenished exclusively by stem cells that reside in the inner limbus. For
this,

we

used

a

globally

expressed

ROSA26LoxP-STOP-LoxP-PAGFP

(R26-PAGFP)

photoactivatable mouse reporter combined with live imaging. Our goal was to selectively
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mark basal cells in the cornea in situ and directly capture their behavior over time (Fig.
2.4A). Photolabeling quiescent cells in the limbal stroma and corneal endothelium
provided stable reference points to evaluate the mobility of progenitors in the epithelium
(Fig. 2.4A). We found that throughout the cornea, all basal cells move unidirectionally
and in concert toward the center at defined rates (Fig. 2.4B, C; Fig. 2.5A). Based on the
ubiquitous centripetal mobility of basal cells, we conclude that at least in vivo and in the
absence of injury, corneal progenitors have limited potential and transit in unison toward
the center of the cornea until they are exhausted and terminally differentiate.
Photolabeled groups of cells in the limbus displayed two distinct behaviors.
Marked cells in the outer limbus did not display lateral mobility or expansion toward the
central cornea (Fig. 2.4D). However, the group of marked cells in the inner limbus
retained their presence at their original location but also expanded centripetally (Fig.
2.4D). To quantify the cellular turnover within each compartment, we measured the rate
of label dilution due to proliferation and differentiation (Fig. 2.5B, C). Basal cells labeled
in the outer limbus showed a slower overall turnover compared to those in the inner
limbus (Fig. 2.5C). Taken together, our data directly demonstrate distinct cellular
dynamics within the limbal niche. These results further indicate that stem cells in the
inner limbus are likely the sole source of basal cells that populate the rest of the cornea
during homeostasis and that the corneal progenitors exiting the niche are short-lived and
have finite contributions to tissue maintenance.
2.3.4. Slow-cycling stem cells reside in the outer limbus
Although slow-cycling stem cell populations have been reported in various
regenerating organs, including the cornea, their activity in vivo remains unresolved
(Amitai-Lange et al., 2015b), (Parfitt et al., 2015), (Sartaj et al., 2017). Therefore, we next
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used our 2-photon imaging system to visualize individual label-retaining cells to define
their precise location within the limbus and determine their respective activities by
directly tracking them over time. For this, we devised a genetic system that combined
inducible Cre-LoxP and doxycycline alleles (ROSA26LoxP-STOP-LoxP-tTA and TetO-H2BGFP)
(Fig. 2.6A; (Farrelly et al., 2019)). Using the p63CreERT2 driver, we first induced the
expression of the H2B-GFP fusion reporter in all basal cells in the epithelium. We then
imaged the eyes to validate that basal cells in all epithelial compartments expressed the
reporter at equivalent levels of intensity (Fig. 2.6B). After this initial imaging time point,
doxycycline was introduced to the diet to suppress the expression of the H2B-GFP.
During the chase period, we continued to reimage the same eyes at regular intervals and
quantified the gradual dilution of the H2B-GFP signal in the actively cycling epithelial
populations (Fig. 2.6B, C). After a 1-month chase period, only cells that divided the least
were still visible.
The ability to directly visualize the slow-cycling, label-retaining cells allowed us to
capture their behavior in vivo and analyze their fates in real time. We repeated the pulsechase regimen to visualize the label-retaining cells and then reimaged the same areas of
the limbus in 24-h intervals for up to 1 week (Fig. 2.6D). Analysis of the imaging data
revealed heterogeneity within the behaviors of the label-retaining population. For
instance, we observed label-retaining cells undergo cell divisions where, invariably, the
daughter cells remained in the same position and did not commit to terminal
differentiation (Fig. 2.6D). This indicated that these cell divisions were symmetric in
terms of fate. Other label-retaining cells remained quiescent and stationary throughout
the imaging period (Fig. 2.6D). Furthermore, we captured a few label-retaining cells
spontaneously undergo terminal differentiation and shedding from the tissue. Our
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analysis did not reveal any measurable mobility of the label-retaining cells toward the
cornea.
A still-untested hypothesis is whether the slow-cycling, label-retaining cells in the
limbus are the source of the progenitors that maintain corneal homeostasis. To directly
test this, we designed an experiment to co-localize label-retaining cells with the stem
cells at the limbal origin of the long-lived radial clones in the cornea. We engineered
transgenic mice that express a photo-activatable GFP fused to histone-H2B under the
control of a keratin 14 promoter (K14-H2B-PAGFP), which shows particularly high
activity within the limbus (Park et al., 2019b), (Pajoohesh-Ganji et al., 2016).
Photoactivating the reporter produces a robust nuclear signal that is stable and is diluted
equally among daughter cells after each cell division (Fig. 2.6E). After a 50-day chase
period, we confirmed that GFP+ label-retaining cells were present only in the limbus
(Fig. 2.6F). We then combined the H2B-PAGFP photoactivatable reporter with the
p63Tom lineage tracing alleles. Consistent with our previous results, we observed
centripetally expanding clones that began to emerge from the inner limbus soon after
tamoxifen induction (Fig. 2.6G). Photoactivated, label-retaining cells co-localized with the
small, stationary clones in the outer limbus and were not part of the lineages that
emerged from the inner limbus (Fig. 2.6G). Thus far, our data support a previously
unrecognized bi-compartmentalized organization of the limbal niche and show that
during homeostasis, label-retaining cells are likely functionally distinct from stem cells
that support corneal maintenance.
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2.3.5. Compartmentalization of corneal cell fates revealed at the single-stem-cell
level
Evidence from the skin and other organs supports the hypothesis that the
compartmentalization of stem cell fates is critical for homeostatic maintenance and
tissue regeneration (Fleming et al., 1993), (Ito et al., 2005), (Levy et al., 2005), (Clevers,
2009). To test whether the cornea conforms to this model, we analyzed individual cell
fate choices in the limbus and cornea by directly capturing the life cycle of stem cells and
their progeny at the single-cell level. This required the use of a genetic driver that
preferentially labels stem cells in the limbus, even at very low induction levels. To
accomplish this, we tested proposed limbal stem cell markers by in vivo lineage tracing
and longitudinal live imaging (Fig. 2.7A-D). The keratin 15 (K15CrePR) driver marked cells
in the limbus and conjunctiva, but most of the labeled clones quickly committed to
terminal differentiation and disappeared from the tissue within 1 month after induction
(Fig. 2.7A). Keratin 19 (K19CreER) also marked cells in the limbus and conjunctiva, with a
small number of clones persisting in the outer limbus after 1 month, indicating stem cell
potential (Fig. 2.7B). However, both drivers failed to mark the stem cells in the inner
limbus that generate the long-lived, radial corneal lineages. Lrig1 marks stem cells in the
epidermis, and evidence suggests that it is also expressed in limbal stem and progenitor
cells (Jensen et al., 2009), (Nakamura et al., 2014), (Kaplan et al., 2019). Lineage
tracing using the Lrig1CreER driver confirmed higher specificity, even at low induction
levels, for marking cells in the outer and inner limbus that produced long-lived clones
(Fig. 2.7C).
Validation of the Lrig1 marker allowed us to label single basal cells in the limbus
and cornea that were well separated and easily identified in consecutive live imaging
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sessions. We first evaluated the stem cell potential of the labeled cells by directly
following them over several weeks and visualizing their ability to self-renew and
generate differentiating progeny. Consistent with our previous data, with this strategy,
we confirmed that among the marked cells were cells in the outer limbus that were slow
cycling and generated small clones that remained within their compartment (Fig. 2.8).
Single Lrig1+ cells were also marked in the inner limbus. These continued to self-renew,
while retaining their original point of origin in the niche and generating progeny that
gradually expanded into the cornea (Fig. 2.8). Most importantly, our live-imaging
approach enabled us to capture the sequential steps in the life cycle of these cell
populations and use these data to retrospectively analyze the fate decisions of the
respective founder stem or progenitor cell and the fates of their immediate progeny (Fig.
2.9A).
We analyzed the life cycle of ~70 individual stem and basal progenitor cells in the
limbus and cornea and constructed detailed lineage trees by quantifying the cell division
and terminal differentiation events within their progeny (Fig. 2.9B). Stratification of the
fate analysis data, based on the distance of the founder cell from the limbal border with
the conjunctiva, showed four distinct behaviors (Fig. 2.9C, D). Stem cells in the outer
limbus self-renew and persist long-term but display limited growth (Fig. 2.9D-F). Stem
cells in the inner limbus undergo mostly symmetric cell divisions and exhibit the greatest
potential for long-term growth (Fig. 2.9D-F). The differences between these populations
were also reflected in the average time between each cell division. Stem cells in the
outer limbus were the slowest cycling, and progenitors in the peripheral cornea were the
most active (Fig. 2.9G). Overall, this analysis revealed that the fates of individual cells
can be accurately predicted depending on their original location within the tissue,
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confirming our hypothesis that the cornea and its limbal stem cell niche is functionally
compartmentalized.
2.3.6. The corneal epithelium displays a unique mode of terminal differentiation
Our data thus far have demonstrated differences in the fate choices of cells
across the cornea, where more symmetric divisions, and therefore more basal cells, are
generated in the periphery versus increased differentiation toward the center. This then
raised the question of how the terminal differentiation process within the tissue is
coordinated to supply the suprabasal layers that are necessary to create an effective
barrier. To answer this question, we performed three-dimensional analysis of the transit
trajectories of differentiating cells from the point of their delamination and departure from
the basal layer until their sloughing from the most superficial layer. We found that the
transit time, which averaged ~4-5 days, did not vary significantly between differentiating
cells in all corneal compartments (Fig. 2.10A). However, the fewer number of
suprabasal layers and the lower overall cell density in the limbus indicates that the
effective rate of stratification is sower in the limbus compared to the rest of the cornea
(Fig. 2.10A, B). Analysis of the vertical paths of the terminally differentiated cells
transiting through the suprabasal layers revealed a previously undescribed behavior.
While terminally differentiated cells in the limbus transited in a direct upward trajectory,
those in the cornea followed an arced path through the suprabasal layers in an
unexpected centrifugal direction (Fig. 10C).
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2.3.7. Diverse contributions of limbal stem cells to corneal maintenance and
wound healing
Our experiments have provided evidence to support the existence of at least two
functionally distinct stem cell populations in the limbus. Furthermore, these results
indicated that stem cells in the inner limbus are likely the sole source of the transient
progeny during corneal homeostasis. To evaluate the requirement of stem cells in the
inner limbus to support the turnover of corneal progenitors, we utilized a femtosecond
pulsed laser to specifically ablate the stem cells in situ while preserving the integrity of
the surrounding niche and preventing a tissue-wide injury response (Fig. 2.11A; Fig.
2.12). We first performed lineage tracing for several weeks to generate robust radial
clones that extended all the way to the center of the cornea. After imaging the eyes at
high resolution to capture the position of all the long-lived lineages, we proceeded to
specifically ablate cells of the labeled radial clones located within the inner limbus (Fig.
2.11A; Fig. 2.12A). After ablation, we reimaged the same eyes regularly over the course
of several weeks and observed that the corneal clones failed to sustain growth and
regressed centripetally following the removal of their stem cells (Fig. 2.11B, C, Fig.
2.12A, B). In complementary experiments, we ablated basal progenitors away from the
inner limbus, which did not impede the growth of their respective corneal lineage (Fig.
2.12C, D). Surprisingly, the centripetal motion of the progeny downstream of the ablation
site continued until those cells were eventually exhausted through terminal differentiation
(Fig. 2.12C, D).
Under these conditions, outer limbal stem cells did not cross over into the
cornea, but cells from proximal inner limbal lineages compensated for the loss of their
ablated counterparts (Fig. 2.11C, Fig. 2.12E). We then tested the hypothesis that stem
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cells in the outer limbus may contribute to the regeneration of the cornea after extensive
epithelial injury. For this, we performed a scrape wound in the central cornea and
tracked the response of cells located in the outer limbus. We found evidence that clones
from the outer limbus exited their compartment and gradually expanded into the cornea
during the wound healing process (Fig. 2.11D; Fig. 2.13). These radially expanding
lineages that emerged from the outer limbus persisted in the cornea for several weeks
after wounding (Fig. 2.11D). Taken together, our data demonstrate the cellular activities
that sustain corneal homeostasis and support a model for the compartmentalization of
the limbus into at least two distinct stem cell populations with diverse functions in corneal
maintenance and wound healing (Fig. 2.14).

2.4. Discussion
Surface epithelia exhibit a continuous turnover of cells, generated in the basal
layer, that replace those shed from the surface. This process generates vertical columns
of cells with common clonal origin (Ghazizadeh and Taichman, 2001). In the epidermis
and the esophagus, lineage tracing experiments show that the size of these columns
may fluctuate over time due to neutral cellular competition, but their overall topology
remains unchanged (Clayton et al., 2007b), (Mascré et al., 2012), (Doupé et al., 2012),
(Rompolas et al., 2016), (Piedrafita et al., 2020). In striking contrast, corneal lineages
additionally exhibit centripetal expansion, which indicates a secondary flow of cells within
the basal layer from the periphery towards the center of the tissue (Collinson et al.,
2002b), (Mort et al., 2009b), (Di Girolamo et al., 2015), (Amitai-Lange et al., 2015b),
(Dorà et al., 2015), (Kasetti et al., 2016), (West et al., 2018). Our data show an apparent
imbalance between the fates of basal cells located in the periphery of the tissue and
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those at the center. Stem cells in the periphery are more likely to divide symmetrically
and increase their number, creating positive pressure for lateral expansion within the
basal layer. We also find that basal progenitors transiting towards the center of the
cornea are more likely to undergo asymmetric cell divisions or terminally differentiate.
This effectively equalizes the pressure from the periphery and maintains balance in the
overall cell number across the epithelium. However, it is still unclear what prevents
clones in the inner limbus from expanding in both lateral directions and into the
conjunctiva. It is possible that cells in the outer limbus are required to maintain a barrier
between the cornea and conjunctiva, since such functionally distinct stem cell
populations appear to be common in transition areas between epithelia in other organs
(Runck et al., 2010). Nonetheless, further work is necessary to understand the intrinsic
and extrinsic mechanisms that dictate the compartmentalization of different cell fates.
One unexpected finding from our study was the unconventional way terminally
differentiating cells in the cornea transit towards the suprabasal layers. Early work in the
epidermis described the three-dimensional organization of the stratified epithelium and,
based on detailed histological analyses, proposed that the tissue is composed of
discrete vertical epidermal proliferative units (EPU) (Ghazizadeh and Taichman, 2001),
(Potten, 1974), (Mackenzie, 1997). More recent experiments that used intravital imaging
to visualize the mouse skin amended this theory, showing that the progenitors at the
base of these units behave stochastically (Rompolas et al., 2013). However, upon
commitment to terminal differentiation, these cells transit through the suprabasal layers
using existing columnar units. The cornea appears to diverge from this organization, as
we find no evidence for the presence of anatomical structures that resemble discrete
columns of suprabasal cells. This is further confirmed by our observation that the upward
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trajectory of the terminally differentiated cells is curved towards the periphery of the
cornea. Though this behavior seems counterintuitive, it illustrates the fluid nature of the
differentiated corneal layers and implies dynamic adhesions between cells, considering
their critical barrier function. The functional significance of this differentiation behavior is
unclear. One hypothesis is that this results from mechanical forces generated from the
unique biomechanics of the cornea (Eberwein and Reinhard, 2015) , (Gouveia et al.,
2019). Alternatively, this may be to satisfy the demand for suprabasal cells in the
periphery of the cornea, where basal progenitors are more likely to divide than terminally
differentiate.
Overall, this study provides a paradigm for the integrative use of live imaging to
elucidate fundamental mechanisms of stem cell biology in the mouse corneal epithelium
and reconciles longstanding hypotheses for the role of limbal stem cells in corneal
homeostasis and regeneration. Furthermore, our study provides a resource for future
mechanistic work to elucidate the molecular regulation of limbal stem cells and uncover
how changes in their activity lead to disease.
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2.6. Materials and Methods
2.6.1. Key Resources
REAGENT or RESOURCE
SOURCE
Chemicals, Peptides, and Recombinant Proteins

IDENTIFIER

Tamoxifen

Sigma

Cat #T5648

Ketamine

Midwest Veterinary Supply

Cat #17033100-10

Xylazine

Midwest Veterinary Supply

Cat #31001150-3

Proparacaine

BAUSCH & LOMB

Cat #24208730-06

Experimental Models: Organisms/Strains
Mouse: CD-1

Charles River

RRID:IMSR_C
RL:022

Mouse: p63-CreER

(Lee et al., 2014)

N/A

Mouse: Keratin15-CrePR

(Morris et al., 2004)

RRID:IMSR_J
AX:005249

32

Mouse: Keratin19-CreERT

(Means et al., 2008)

RRID:IMSR_J
AX:026925

Mouse: Lrig1-CreERT2

(Powell et al., 2012)

RRID:IMSR_J
AX:018418

Mouse: Rosa26-stop-tdTomato

(Madisen et al., 2010)

RRID:IMSR_J
AX:007908

Mouse: Rosa26-tdTomato-stop-EGFP

(Muzumdar et al., 2007)

RRID:IMSR_J
AX:007676

Mouse: Rosa26-nTomato-stop-nGFP

The Jackson Laboratory

RRID:IMSR_J
AX:023035

Mouse: TrpV1-Cre

(Cavanaugh et al., 2011)

RRID:IMSR_J
AX:017769

Mouse: LysM-CreERT2

(Canli et al., 2017)

RRID:IMSR_J
AX:031674

Mouse: Rosa26-stop-tTA

(Wang et al., 2008)

RRID:IMSR_J
AX:008600

Mouse: TetO-H2BGFP

(Tumbar et al., 2004)

RRID:IMSR_J
AX:005104

Mouse: E2a-Cre

(Lakso et al., 1996)

RRID:IMSR_J
AX:003724

Mouse: Rosa26-stop-PAGFP

(Peter et al., 2013)

RRID:IMSR_J
AX:021071

Mouse: Keratin14-H2B-PAGFP

This study

N/A

Plasmid: pACAGW-H2B-PAGFP-AAV

(Lien et al., 2011)

RRID:Addgen
e_33000

Plasmid: pG3Z-K14-H2B

Fuchs lab

N/A

Plasmid: Keratin14-H2B-PAGFP

This study

N/A

GraphPad Prism 8

GraphPad Software

N/A

ImageJ

https://imagej.nih.gov/ij/

N/A

Imaris

Oxford Instruments

N/A

Recombinant DNA

Software and Algorithms
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Other
Algerbrush II fitted with a 0.5mm burr

Accutome

Cat
#AM0100KL

2.6.2. Mice
All procedures involving animal subjects were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania
and were consistent with the guidelines set forth by the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. p63CreER mice were created by J. Xu
(Baylor College of Medicine) and obtained from A. Vaughan (University of
Pennsylvania). K15CrePR mice were obtained from G. Cotsarelis (University of
Pennsylvania). K19CreERT mice were created by G. Gu (Vanderbilt University) and
obtained from B. Stanger (University of Pennsylvania). Lrig1CreERT2 mice were obtained
from S. Millar (University of Pennsylvania). R26loxp-stop-loxp-tdTom, R26loxp-tdTom-stop-loxp-EGFP,
R26loxp-nTom-stop-loxp-nGFP, TrpV1Cre, LysMCreERT2, R26loxP-stop-loxP-tTA and TetOH2BGFP mice were
obtained from The Jackson Laboratory. R26PAGFP reporter mice were generated by
crossing the E2aCre with R26loxp-stop-loxp-PAGFP lines, obtained from The Jackson Laboratory,
to achieve germline transmission of the recombined allele and ubiquitous expression of
the PAGFP reporter. K14H2B-PAGFP mice were generated by the Center for Animal
Transgenesis and Germ Cell Research at the School of Veterinary Medicine of the
University of Pennsylvania. All mice that were used in this study were bred for multiple
generations into a Crl:CD1(ICR) mixed background. For lineage tracing experiments,
Cre activation was induced with a single intraperitoneal injection of Tamoxifen in corn oil
(0.1-2 mg per 20 g body weight). Mice were induced between 6-8 weeks old and
subsequent experiments were conducted at the indicated times after induction.
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Experiments included equal representation of males and females. Mice were housed in
a temperature and light-controlled environment and received food and water ad libitum.
Up to 5 mice of the same sex and similar age were housed in a cage. Mice were
provided Bed-o’Cobs (The Andersons Lab Bedding), a porous cob material, as bedding
and Shred-n’Rich nestlets (The Andersons Lab Bedding) for nesting and enrichment.
2.6.3. Generation of K14H2B-PAGFP mice
An H2BPAGFP coding sequence was obtained from the pACAGW-H2B-PAGFPAAV plasmid by PCR amplification and subcloned into the pG3Z-K14-H2B vector
obtained from E. Fuchs (The Rockefeller University) by restriction enzyme digestion with
BamHI and XbaI and ligation with T4 Ligase. The final K14-H2BPAGFP transgene was
obtained from the resultant plasmid by digestion with KpnI and SphI and injected into
blastocysts by the Center for Animal Transgenesis and Germ Cell Research, at the
School of Veterinary Medicine of the University of Pennsylvania. Resulting mice were
first screened by whole-mount imaging and photo-activation of a freshly obtained ear
punch biopsy using our 2-photon microscope. Positive genotypes were confirmed using
specific primers for the K14 cassette. A single founder was then selected and crossed
with a Crl:CD1(ICR) mixed background breeder to establish the transgenic mouse line.
2.6.4. Intravital imaging of the mouse eye
Preparation of the mice for intravital imaging of the eye was performed with the
following amendments to the previously described protocol (Rompolas et al., 2016).
Mice were initially anesthetized with IP injection of ketamine/xylazine cocktail (0.1 mL /
20 g body weight; 87.5 mg / kg Ketamine, 12.5 mg / kg Xylazine). A deep plane of
anesthesia was verified by checking pedal reflexes. The mouse head was stabilized with
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a custom-made stereotaxic apparatus that includes palate bar and nose clamp but no
ear bars. Precision, 3-axis micro-manipulators are used to adjust the head tilt so that the
eye to be imaged is facing up. A drop of eye gel (0.3% Hypromellose) was used as an
optically neutral interface between the eye and a glass coverslip, and to prevent dryness
and irritation to the tissue during the anesthesia and imaging procedure. After
preparation and mounting is complete, the stage is placed on the microscope platform
under the objective lens. A heating pad is used to keep a stable body temperature and
vaporized isoflurane is delivered through a nose cone to maintain anesthesia for the
duration of the imaging process. After each imaging session, the eyes were rinsed with
PBS and the mice were monitored and allowed to recover in a warm chamber before
returned to the housing facility.
2.6.5. Imaging equipment and acquisition settings
Image acquisition was performed with an upright Olympus FV1200MPE
microscope, equipped with a Chameleon Vision II Ti:Sapphire laser. The laser beam
was focused through 10X, 20X or 25X objective lenses (Olympus UPLSAPO10X2, N.A.
0.40; UPLSAPO20X, N.A. 0.75; XLPLN25XWMP2, N.A. 1.05). Emitted fluorescence was
collected by two multi-alkali and two gallium arsenide phosphide (GaAsP) nondescanned detectors (NDD). The following wavelengths were collected by each
detector: NDD1 419-458 nm; NDD1 458–495 nm; GaAsP-NDD1 495–540 nm; GaAsPNDD2 575–630 nm. GFP and Tomato reporters were excited at 930 nm and their signal
was collected by GaAsP-NDD1 and GaAsP-NDD2, respectively. Second harmonic
generation (SHG) signal was generated using 850 nm or 930 nm excitation wavelengths
and detected by NDD1 or NDD2, respectively. Serial optical sections were acquired in
2–5 µm steps, starting from the surface of the eye and capturing the entire thickness of
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the cornea (epithelium ~40 µm, stroma/endothelium ~80 µm). Expanded views of the
cornea and limbus were obtained by acquiring a grid of sequential optical fields-of-view
that were automatically stitched into one high-resolution tiled image using the
microscope manufacturer software. Multi-day tracing experiments were done by reimaging the same field-of-view or the entire eye at the indicated times after the initial
acquisition. For each time point, inherent landmarks within the cornea, including the
organization of the vasculature and collagen fibers (SHG), were used to consistently
identify the limbus and navigate back to the original regions. Macroscopic images of the
mouse eye were acquired under brightfield and fluorescence with an Olympus MVX10
Fluorescent Macro Zoom microscope fitted with Hamamatsu Orca CCD camera for
digital imaging.
2.6.6. Photo-labeling
Photo-labeling experiments with the K14-H2BPAGFP and R26-PAGFP reporter
mice were carried out with the same equipment and imaging setup as used for
acquisition. The pre-activated form of the H2B-PAGFP and PAGFP fluorescent proteins
was visualized by exciting with 850 nm wavelength and emission signal was collected in
GaAsP-NDD1 (495-540 nm). Excitation with 930 nm verified that no signal is emitted by
the reporters before activation. Photo-labeling was achieved by scanning a defined
region-of-interest (ROI) at the plane of the basal layer of the epithelium, with the laser
tuned to 750 nm wavelength, for 5-10 s, using 5%–10% laser power. The z-plane was
then moved down to the corneal endothelium, which served as a reference, and the
same ROI was used for photo-labeling cells in that layer. Immediately after photoactivation, a series of optical sections, with a range that includes the entire thickness of
the cornea, was acquired using the same acquisition settings as for GFP. Visualizing the
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signal of the activated form of PAGFP only within the ROI confirmed the successful
photo-labeling of basal epithelial or endothelial cells. Following the initial image
acquisition immediately after photo-labeling, the same eyes were re-imaged at the
indicated times to evaluate the changes of the labeled epithelial population and their
movements compared to the endothelial reference cell group.
2.6.7. Laser cell ablation
In vivo laser-induced cell ablation was performed using the same femtosecond
Ti:Sapphire laser used for fluorescence excitation and imaging. For maximum specificity,
a 25X objective lens (XLPLN25XWMP2, N.A. 1.05) was used to focus the laser beam to
the basal layer of the eye epithelium. The laser was guided to scan a small area (~100
µm2), targeting the cells within for ablation with the following parameters: 800 nm
wavelength, 100% laser power, 1 s exposure. Immediately after ablation, the microscope
was switched to imaging mode and a series of serial optical sections were collected to
visualize the effect of the laser ablation.
2.6.8. Wounding assay
Corneal epithelial debridement wounds were generated as previously described
(Chan and Werb, 2015). Mice were initially anesthetized with IP injection of
ketamine/xylazine cocktail, and their eyes imaged under brightfield and fluorescence
microscopy. Mice where then placed on a heating pad and observed under an Olympus
SZ61 dissecting microscope. After topical application of Proparacaine, the epithelium
from the central part of the cornea was removed with an Algerbrush II ophthalmic brush
to generate a scrape wound of 1.5 mm in diameter. The eyes were imaged again before
the mice were allowed to recover.
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2.6.9. Quantitative image analysis
Raw digital files from 2-photon imaging were acquired and saved in the OIB
format using the microscope manufacturer’s software (FLUOVIEW, Olympus USA). To
capture extended fields-of-view that encompass the entire ocular surface epithelium,
including the cornea, limbus, and conjunctiva, a tiling method was used to reconstruct a
single image from multiple full-thickness serial optical sections using the microscope
acquisition software. Typically, to image the entire eye using the 10X objective lens, the
microscope defines a square area consisting of 2 ✕ 2 (XY) field-of-view with 10%
overlap between them. Using the motorized platform, the microscope automatically
acquires the four fields-of-view in a sequential pattern and uses information from the
overlapping margins to stitch the individual fields-of-view into a single image. Raw image
files were imported into ImageJ/Fiji (NIH) using Bio-Formats or to Imaris (Bitplane) for
further analysis. For cell counts and quantitative clonal analyses, supervised image
segmentation and blob detection was performed on individual optical sections. Identified
blobs were manually validated and their number, size, and signal intensity as mean gray
values were measured.
To quantify population clonal dynamics, following induction, high-resolution
optical sections were obtained sequentially and used to construct 3-dimensional tiled
views of the entire half of the ocular surface, including parts of the conjunctiva, limbus,
and central cornea. The same eyes were then re-imaged using identical acquisition
parameters. From each time point, the equivalent areas of the conjunctiva, outer limbus
and inner limbus+cornea were sampled and processed by supervised segmentation to
quantify the number and dimensional parameters of the labeled clones within. Clonal
growth anisotropy was analyzed by measuring Feret’s Diameter and Angles from the
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outlines of individual clones after image segmentation. To quantify the centripetal rate of
mobility of photo-labeled basal cells in the cornea, serial optical sections were projected
onto a single plane and the distance between the centroids of the epithelial group from
the endothelial reference group was measured for each time point. To measure the rates
of label retention, the equivalent areas of the conjunctiva, limbus and corneal were
sampled for each time point and the mean gray value was measured. For single-cell
lineage tracing, individual high-magnification serial optical sections were obtained for
each traced clone and 3-dimensional analysis was performed once the entire imaging
time course was completed to quantify the number of basal and suprabasal cells in each
time point. Departure of a cell from the basal layer and subsequent upward transit was
scored as differentiation, while continuous increase in the basal cell number was scored
as self-renewal. Clone measurements and tracings for the cell ablation experiments
were performed manually. Images shown in figures typically represent maximum
projections or single optical sections selected from the z stacks unless otherwise
specified.
2.6.10. Statistical analysis
Sample sizes were not pre-determined, but are similar with what were reported
previously (Rompolas et al., 2016). Data were collected and quantified randomly, and
their distribution was assumed normal, but this was not formally tested. Lineage tracing,
photo-labeling, laser cell-ablation and wounding experiments were successfully
reproduced under similar conditions using different mouse cohorts. The data presented
in the figures are from a single cohort of at least two mice, imaged in tandem, using
identical experimental parameters. The values of ‘‘n’’ (sample size) refer to data points
obtained from all mice within the cohort, unless otherwise indicated, and are provided in
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the figure legends. Statistical calculations and graphical representation of the data were
performed using the Prism software package (GraphPad). Data are expressed as
percentages or mean ± SEM and unpaired Student’s t test was used to analyze datasets
with two groups, unless otherwise stated in the figure legends. For all analyses, p-values
< 0.05 were designated as significant and symbolized in figure plots as *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, with precise values supplied in figure legends. No
data were excluded from the analyses.
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Figure 2.1. Live imaging of the limbal niche reveals distinct clonal growth patterns
(A) Intravital imaging of the mouse eye is performed at single-cell resolution with two-photon
microscopy. (B) Experimental strategy to resolve stem cell dynamics in the ocular surface
epithelium by in vivo longitudinal lineage tracing. (C) Examples of live mouse eyes imaged by
brightfield (left) and two-photon (right) microscopy. (D) Expanded view of the limbus after 3
months of lineage tracing illustrating the distinct organization and relative position of clones in the
outer limbus (cyan arrows) and inner limbus (yellow arrows). (E) Two representative optical
planes of the limbus, at the indicated depth from the surface, and a reconstructed side view (XZ).
(F) Experimental strategy and genetic alleles for in vivo lineage tracing by longitudinal live
imaging. (G) Lineage tracing time series from reimaging the same eye at the indicated time points
after induction. Representative magnified views of indicated areas in the conjunctiva, outer
limbus, and cornea (lower panels). (H) Quantification of clonal decay measured as a fraction of
clones that persist within the indicated compartments at each reimaging time point. For these
quantifications, the inner limbus is considered part of the cornea due to the uniform origin of
centripetally expanding corneal clones from this compartment (n = 725 traced clones in six
resampled areas from two mice; p = 0.0024, two-way ANOVA). (I) Quantification of size
distribution of clones in each epithelial compartment across the different time points (n = 1,775
clones in 12 randomly sampled areas from two mice; p < 0.0001, nested one-way ANOVA). (J)
Radial graphs show quantification of clonal growth anisotropy 5 days after induction, measured
as the angle between each clone’s Feret’s diameter and the radial line that connects the limbus
with the center of the cornea (n = 306 clones in four randomly sampled areas per compartment
from two mice; ****p < 0.0001).
(C)–(E) and (G) show tiled images of the cornea and limbus constructed from multiple fields of
view. Dotted lines indicate the margins of the outer (white) and inner (red) limbus. Scale bars
represent 500 µm (C and G) and 200 µm (D and E).
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Figure 2.2. In vivo 2-photon imaging of the mouse eye
(A) Representative images of the mouse eye acquired by 2-photon intravital imaging. (B)
Expanded view of the limbus in p63mTmG mice that show the distinct organization and relative
position of clones in the outer (cyan arrow) and inner (yellow arrow) limbus after one month of
lineage tracing. (C) Histological characteristics of the limbus revealed by using in vivo reporters
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and 2-photon microscopy. Co-localization of circumferentially oriented collagen fibers (SHG),
blood vessels (R26-mTom) and sensory nerves (TRPV1Tom) within the limbal niche. (D, E) Colocalization of inner limbal clones (p63Tom) and myeloid cells (LysMTom) with circumferentially
oriented collagen fibers (SHG) in the limbal stroma. Scale bars, 200 µm.
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Figure 2.3. Live imaging of epithelial clonal dynamics
(A) Representative images of the eyes of p63Tom mice after low or max Tamoxifen induction. (B)
Images of the whole ocular surface epithelium acquired during a 120-day lineage tracing time
course (top panel). Area outlined in red is shown in higher magnification (middle panels).
Examples of distinct patterns of clone anisotropy (lower panels). See also Figure 2.1J. Scale
bars, 1 mm (A), 500 µm (B).
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Figure 2.4. Photolabeling and tracking of stem cell dynamics in the live eye
(A) Experimental strategy to directly capture the mobility and fate of stem/progenitor cells in the
ocular surface epithelium. All basal cells within the selected area are marked in situ by laser
scanning a globally expressed, photoactivatable reporter (PAGFP). Post-mitotic corneal
endothelial cells are used as a reference. The movement and fate of marked cells are tracked
over time by re-imaging the same areas of the eye. (B) Low-magnification, widefield fluorescent
image of the eye showing the location of photolabeled cells (left panel). Full-thickness projections
of serial optical sections acquired by two-photon microscopy (right panels). Basal corneal
progenitors (magenta) co-localize with endothelial cells (yellow) immediately after photoactivation
but show uniform centripetal translocation over time. (C) Quantification of cellular translocation
rates across the ocular surface epithelium (n = 12 tracked groups of labeled cells from three
mice; ****p < 0.0001). (D) Basal cells in the limbal area are marked in a checkered pattern to
capture local cellular dynamics. The collagen fiber organization (SHG) in the underlying limbal
stroma is shown for positional reference. Scale bars, 200 µm.
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Figure 2.5. Direct capture of the centripetal movement of corneal progenitors
(A) Five groups of basal epithelial cells within the central cornea were unbiasedly photo-labeled
using a globally expressed photo-activatable GFP reporter. Endothelial cells immediately below
were used as a reference. Low magnification views of the central cornea where photo-labeled
groups of cells can be seen during the time course (middle panels). The movement of labeled
cells was visualized every three days over the course of nine days. Basal cells in the central
cornea moved centripetally in unison towards the center of the eye (asterisk). One example of a
group of labeled epithelial and endothelial cells (bottom panels). (B) Representative high
magnification images of photo-labeled basal cells from the indicated epithelial compartments. The
same groups of cells were re-imaged at daily time intervals. A group of quiescent endothelial cells
(bottom row) were used as a control. The size and signal intensity of the labeled basal group is a
function of their rate of proliferation and terminal differentiation, which is accompanied by their
departure and transit towards the suprabasal epithelial layers. (C) Quantification of basal cellular
turnover as a function of PAGFP signal decay. (N = 15 tracked groups of labeled cells from 3
mice, ****P < 0.0001, 2-way ANOVA). Scale bars, 200 μm.
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Figure 2.6. Capturing the activity of slow-cycling cells in the live limbal niche
(A) Experimental strategy and genetic alleles used to visualize slow-cycling, label-retaining cells
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in the anterior ocular epithelium. Tamoxifen induces the uniform expression of the H2B-GFP
fusion reporter in all basal cells. Addition of doxycycline to the diet suppresses the expression of
the reporter that is subsequently diluted among daughter cells after each cell division. (B) Global
and high-magnification views of the eye imaged at the indicated time points following the addition
of doxycycline. (C) Quantification of label retention in cells within the indicated epithelial
compartments (n = 15 sampled images per time point from two mice; p < 0.001, two-way
ANOVA). (D) Examples capturing the activity of slow-cycling limbal cells in real time by live
imaging. Label-retaining cells in the limbus are imaged at single-cell resolution after a 20-day
chase period, and the same cells are reimaged at daily intervals. Yellow arrows show a labelretaining cell undergoing two symmetric cell divisions. The cyan arrow indicates a cell that
remains quiescent during the entire time course. (E) Experimental strategy and genetic alleles to
visualize label-retaining cells in the limbus using an in vivo photoactivatable reporter. H2BPAGFP-expressing cells in the limbal area are marked by photoactivation, and the same cells are
reimaged after a chase period. (F) Low-magnification, widefield fluorescent image of the eye
immediately after photolabeling cells in the limbal area (left panel). High-magnification views of
the same photolabeled cells at the beginning and end of the chase period acquired by two-photon
live imaging (right panels). (G) Representative images of the limbal area taken at weekly intervals
after tamoxifen induction. Prior to induction, cells in the limbus were photolabeled and chased to
reveal label-retaining cells.
Dotted lines indicate the margins of the outer (white) and inner (red) limbus. (B), (D), (F), and (G)
show tiled images of the cornea and limbus constructed from multiple fields of view. Scale bars,
200 µm.
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Figure 2.7. Validation of putative limbal stem cell markers
(A-C) Representative examples of lineage tracing time courses performed by longitudinal live
imaging using the indicated genetic drivers. Low-magnification views of the whole eye where
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traced labeled cells can be seen in green (GFP) (upper right panels). High-magnification views of
the same areas of the limbus at the indicated time points (lower right panels). (D) Diagram
summarizes the specificity of each validated marker from stem and progenitor cell populations in
the ocular surface epithelium.
Dotted lines indicate margins of the outer (white) and inner (red) limbus. Scale bar, 200 µm.
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Figure 2.8. Lrig1 marks single limbal stem and progenitor cells
Experimental strategy and representative examples of capturing the activity of single limbal cells
by longitudinal live imaging over a 2-month period. A low dose of tamoxifen marks single Lrig1+
cells in the limbus. The location of each founding cell and its progeny is accurately recognized
across different time points due to their spatial separation and distinctive histological features of
their limbal environment where they reside. An example of a stem cell captured in the inner
limbus (top panel). This cell undergoes rounds of symmetric cell divisions and its progeny expand
centripetally away from the limbus and towards the cornea. An example of a stem cell marked in
the outer limbus (bottom panel). This cell is slow cycling and its progeny remain in the same
location.
Dotted lines indicate margins of the outer (white) and inner (red) limbus. Scale bar, 200 µm.
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Figure 2.9. Direct quantitative fate analysis of single limbal stem cells
(A) Experimental strategy to capture and quantify fates at the single-cell level by live imaging.
The area where individually marked cells are located is imaged with a series of optical sections
capturing all the layers of the epithelium. The exact same areas are then reimaged at regular time
intervals and the fate decisions of each stem cell is directly captured and analyzed. (B)
Representative examples of tracking the fates of single cells in the limbus and cornea. Lineage
trees are constructed from analyzing the cell division and differentiation events between each
time point. (C) Diagram showing the compartmentalization of the limbus and cornea based on the
stratification of the clonal analysis data. (D) Quantification of the relative distribution of captured
cell fates within the indicated compartments of the limbus and cornea (n = 167 fate events
analyzed in 68 lineage trees from two mice, p < 0.002; two-way ANOVA). (E) Quantification of
aggregate cell number in followed lineages over the entire tracking period (n = 544 cells in 68
clones, p < 0.001; two-way ANOVA). (F) Quantification of average cell number per tracked clone.
(n = 9, 7, 13, and 39 clones analyzed per cell compartment). (G) Quantification of the relative
distribution of cell division time within the indicated compartments of the limbus and cornea (n =
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66 cell divisions; p < 0.001, two-way ANOVA).
(C) shows a tiled image of the cornea and limbus constructed from multiple fields of view. Scale
bar, 20 µm.
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Figure 2.10. Differentiation dynamics of limbal stem cells and corneal progenitors
(A) Quantification of stratification rates of terminally differentiated cells in the ocular surface
epithelium. The time between the departure from the basal layer and desquamation of a
terminally differentiating cell is measured and averaged for each epithelial compartment (n = 32
tracked cells from two mice; p = 0.75, one-way ANOVA). (B) Quantification of the total number of
basal and suprabasal cells per area, measured for each epithelial compartment (n = 24 images
analyzed from three mice; p < 0.001, two-way ANOVA). (C) Representative examples of directly
tracking terminally differentiating cells as they transit across the suprabasal layers before
desquamation. The pseudo-colored images are projections of all time points and are used to
emphasize the relative lateral and vertical positions of the tracked cells during all stages of
terminal differentiation. Scale bar, 50 µm.
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Figure 2.11. Testing the requirement of limbal stem cells for corneal homeostasis and
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wound healing
(A) Experimental strategy to test the requirement of stem cells in the inner limbus in sustaining
the homeostatic maintenance of their corneal-fated progeny. (B) Diagram depicting highmagnification view of the limbus before and after ablating inner limbal cells of radially oriented
clones (red). Outer limbal clones are shown in blue; intact inner limbal clones are shown in black.
(C) Regression of corneal lineages after ablation of their respective stem cells in the inner limbus.
Example shows global and high-magnification live views of the eye and limbus, imaged at the
indicated time points, before and after the ablation of stem cells in the inner limbus. A pseudocolored overlay is used to demarcate labeled clones in the outer limbus (blue), as well as the
ablated (red) and intact (black) clones in the cornea. (D) Imaging time course after corneal
epithelial debridement wound. Yellow arrow indicates cells in the outer limbus entering the
cornea.
(C) and (D) show tiled images of the cornea and limbus constructed from multiple fields of view.
Scale bars, 20 µm.
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Figure 2.12. 2-photon ablation and lineage tracing of limbal cells
(A) Time course series following ablation of cells in the inner limbus. Bottom panel shows traces
of individual corneal lineages with intact (black) or ablated (red) inner limbal stem cells. White
arrows point to the underlying limbal niche that is not affected by the ablation of cells in the
epithelium. Yellow arrows indicate the site of ablation, and the dotted lines mark the inner limbal
border. (B) Quantification of the size of corneal clones with intact or ablated inner limbal cells (n =
6 clones tracked in 2 mice; p = 0.018, two-way ANOVA). (C) Laser cell ablation does not reverse
the centripetal movement of cells in the cornea. Traces indicate segments of a corneal lineage
upstream (black) or downstream (blue) of the ablated progenitor cells. A separate lineage (red)
with ablated stem cells in the inner limbus is also shown for comparison. Arrows indicate the site
of ablations. (D) Quantification of the centripetal regression rate of corneal lineages downstream
of the stem and progenitor cell ablation sites (n = 8 ablated clones tracked in 3 mice; p = 0.0119;
unpaired t-test). (E) Representative views of the limbal area taken at the indicated time points
after stem cell ablation. A corneal lineage (red trace) regresses after ablation of its associated

59

stem cells. The expansion of inner stem cells from a proximal lineage (black trace) compensates
for the cell loss and resumes the centripetal regeneration of that segment of the cornea. Yellow
arrows indicate the site of ablation. Black arrows indicate the regression of the ablated clone.
White arrows indicate the early lateral expansion and late centripetal growth of a neighboring
clone. Scale bars, 200 µm.
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Figure 2.13. Stem cells in the outer limbus contribute to corneal wound healing
(A, B) Representative time series from two independent experiments showing cells traced by live
imaging before and after an epithelial debridement wound in the central cornea. Yellow arrows
point to the clones in the outer limbus that expand into the cornea after wounding. The yellow
dotted line indicates the area of epithelial debridement. The white dotted line indicates the margin
of the inner limbus. Scale bar, 200 μm.
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Figure 2.14. Model for the spatiotemporal organization of stem cell activity during corneal
homeostasis
Proposed model of the bi-compartmentalized stem cell organization of the limbal niche based on
direct visualization of their long-term clonal dynamics, the quantification of individual fate choices,
and their respective contributions to corneal homeostasis. Stem cells in the outer limbus are slow
cycling and display local clonal dynamics. Stem cells in the inner limbus undergo primarily
symmetric cell divisions and are required to sustain the progenitors that support the homeostatic
maintenance of the corneal epithelium. Progenitors that exit the niche transit centripetally within
the basal layer, in unison, switching to mostly asymmetric cell divisions as they move closer to
the central cornea. Terminally differentiating cells in the cornea leave the basal layer and transit
upward in a centrifugal trajectory before they are shed from the tissue.
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CHAPTER 3
Cornel nerves constitute a functional stem cell niche for epithelial homeostasis

This chapter contains unpublished data generated by Olivia Farrelly and
Panteleimon Rompolas.

3.1. Abstract
The cornea, the transparent, outer-most layer of the eye, is highly innervated by
a complex network of nerve fibers. While the sensory role of these nerves is wellestablished, there is significant clinical evidence to suggest that they are also necessary
to maintain normal tissue physiology. Peripheral nerve dysfunction is known to cause
symptoms such as persistent epithelial defects and poor wound healing that, if not
resolved, leads to blindness. Although this points to a functional role for corneal nerves
in tissue homeostasis and regeneration, the underlying mechanisms remain unclear.
Here, we take advantage of our previously established two-photon-based microscopy
system combined with different reporter mice to visualize and quantify changes to the
corneal

epithelium

after

denervation.

After

denervating

the

epithelium

either

pharmacologically or using laser axotomy, we observe an initial increase in the number
of proliferating basal cells that returns to baseline over time. Together, these studies can
be used as a foundation for further investigations into the cellular and molecular
consequences of corneal nerve dysfunction.
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3.2. Introduction
The cornea lines the external ocular surface and is necessary to control and
focus the entry of light into the eye. The uppermost layer of the cornea consists of a
stratified epithelium that acts as a protective barrier. Given the importance of the tissue,
long-term maintenance is critical and is sustained by a population of stem cells that
reside at the periphery of the tissue in an area known as the limbus. Previous work from
our group used two-photon live imaging to show that there is heterogeneity within the
stem cells in the limbus, which can be organized into two distinct compartments during
homeostasis (Farrelly et al., 2021). One compartment in the outer limbus consists of
stem cells that generate progenitors that remain in the limbus, and the other in the inner
limbus consists of stem cells that are required to maintain the rest of the corneal tissue.
These inner limbal stem cells give rise to short-lived progenitor cells that divide and
move towards the center of the tissue in cohesive clonal groups. These progenitors
replace the cells in the center of the cornea that are shed from the surface or are lost
due to injury. While we have characterized these cellular behaviors in depth, it is unclear
if and how they are regulated by components in the microenvironment.
The extrinsic signals that govern the activity of stem cells collectively make up
the stem cell microenvironment, or niche (Watt and Hogan, 2000). There is mounting
evidence that peripheral nerves are an important component of the niche and provide
vital information that influences stem cell fate. The corneal epithelium is densely
innervated with a complex network of sensory nerve fibers that emanate from the
ophthalmic branch of the trigeminal ganglion, which then branches into the long posterior
ciliary nerves. These nerves lose their perineurium and myelin sheaths and enter the
peripheral stroma (Müller et al., 2003). Stromal nerve fibers penetrate the Bowman’s
layer, which sits just below the epithelium, and run centripetally to form the sub-basal
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nerve plexus (Müller et al., 1996), (Schimmelpfennig, 1982). These nerve bundles give
rise to an abundance of smaller, vertically oriented terminal nerve branches that create a
complex network throughout the epithelium (Müller et al., 2003). Corneal nerves are
responsible for the sensations of touch, pain and temperature, and play an important
role in the blink reflex and in tear production and secretion (Müller et al., 2003).
The general organization and sensory role of the corneal nerves are wellcharacterized, but there is evidence to suggest that proper innervation is also critical for
maintaining normal corneal physiology. When these nerves are impaired, the cornea
exhibits persistent epithelial defects and poor wound healing, which frequently results in
blindness. While this suggests a functional role for nerves in corneal homeostasis and
regeneration, the specific cellular and molecular mechanisms that underlie this
relationship remain unclear. Here, we show preliminary evidence for the role of sensory
innervation in corneal maintenance using 2-photon live microscopy.

3.3. Results
3.3.1. Intravital imaging of the corneal nerves by two-photon microscopy
To visualize corneal innervation in vivo, we combined our previously established
two-photon-based microscopy system with sensory nerve-specific reporter mice (Fig.
3.1A, B). These mice express Cre recombinase from the endogenous TrpV1 locus and a
ROSA26LoxP-STOP-LoxP-tdTomato (R26-tdTom) Cre-reporter (TRPV1Tom) (Fig. 3.1B). TRPV1 is
a nonselective cation channel that is highly expressed in a subpopulation of sensory
neurons involved in nociception (Jardín et al., 2017). Using these mice, we characterized
the in vivo organization of the corneal nerve network in adult mice (Fig. 3.1C). We
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observed nerve bundles enter radially from the limbal stroma and then divide into
smaller branches in the peripheral corneal stroma that penetrate the epithelial basal
lamina (Fig. 3.1C). These branches give rise to thinner fibers that run centripetally to
form the intricate whorl pattern of the sub-basal nerve plexus (Fig. 3.1C). Individual
nerve endings project perpendicularly from the sub-basal plexus and densely innervate
the layers of the epithelium (Fig. 3.1C). Next, to characterize changes in the
organization of the sub-basal plexus from developing to adult mice, we imaged the
corneas of TRPV1Tom mice by intravital imaging at several different time points (Fig.
3.1D). In 2-week-old mice, we found that stromal nerve bundles branched into thinner
fibers that spread below the entire corneal epithelium, creating the sub-basal plexus.
These fibers then gave rise to terminal branches that ran perpendicularly from the basal
to suprabasal layers of the epithelium. In 3-week-old mice, the nerves that make up the
sub-basal plexus began to orient toward the center of the cornea in a swirl-like pattern.
In 8-week-old mice, the complex swirl formation in the sub-basal plexus was fully
formed. These results indicate that every layer of the corneal epithelium is innervated
before the formation of the swirl pattern in the sub-basal plexus. Interestingly, we, as
well as others (Richardson et al., 2017), (Tuck et al., 2021), observed that the
organization of the sub-basal plexus mirrors the migratory tracks of the corneal epithelial
progenitors (Fig. 3.1E). The development of this distinct pattern coincides with the
activity of the epithelial progenitors that initially form randomly oriented patches that
begin to be replaced by radial stripes around 5 weeks after birth (Collinson et al.,
2002a), (Mort et al., 2009a). Together, these data suggest that the nerve fibers may
provide cues that effect progenitor cell phenotype and function.
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3.3.2. Topical RTX-treatment leads to denervation of the corneal epithelium
To investigate the cellular consequences of denervation, we first established a
method to pharmacologically denervate the corneal epithelium using Resiniferatoxin
(RTX), a potent capsaicin analog known to selectively activate and degenerate TRPV1+
nerve fibers (Fig. 3.2A). RTX has previously been used in the skin (Acs et al., 1997),
(Zhang et al., 2020) and the cornea (Bates et al., 2010) to selectively ablate nociceptive
nerves. Using a dose similar to what has been previously published (Bates et al., 2010),
we topically applied either vehicle alone (mineral oil) or RTX onto the eyes of TRPV1Tom
mice and used live imaging to follow the progressive degeneration of the axons in the
corneal epithelium (Fig. 3.2B, C). In vehicle treated mice, we did not observe significant
changes in axon density in the corneal epithelium over the course of around two months
(Fig. 3.2C, D). The blink reflex was preserved throughout the imaging time course (data
not shown). While in RTX treated mice, we observed the significant loss of the terminal
nerve branches within the epithelium one day after treatment, however the larger nerve
bundles within the stroma remained intact (Fig. 3.2C, D). Axon density within the
epithelial layer remained low over the course of around two months post-RTX treatment
(Fig 3.2C, D). However, axons did begin to gradually regenerate after treatment, though
not significantly, and continued to do so over the entire imaging time course (Fig. 3.2C,
D). Therefore, a one-month time course was deemed an appropriate length of time to
visualize changes in the epithelium. We did not observe any gross morphological
changes to the treated corneas (data not shown), which may be due to the minor, but
steady regeneration that occurs. From these data, we concluded that RTX treatment is
an effective method to denervate the corneal epithelium.
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3.3.3. Similar cycling dynamics across the limbal and corneal epithelium
Before assessing how denervation effects the behavior of stem and progenitor
cells in the cornea, we first thoroughly characterized the rate of proliferation in basal
cells across the ocular surface epithelium during homeostasis. For this, we used mice
that express a GFP protein fused to the N-terminal residues of the Cyclin B1 gene (CB1GFP), where actively dividing cells are labeled with membrane GFP (Fig. 3.3A). We
tested the expression of this reporter by time-lapse imaging of the live cornea (Fig.
3.3B). Throughout the imaging duration, we observed several cells undergo mitosis, and
confirmed that the cells expressed GFP during the S/G2/M phases of the cell cycle and
no longer expressed GFP after the daughter cells separated. Additionally, we crossed
these mice with a ubiquitous nuclear tomato reporter (nTom) and confirmed that the
GFP expressing cells were restricted to the basal layer of the limbal and corneal
epithelium (Fig. 3.3C). Using these mice, we imaged different areas of the conjunctiva,
limbus, and cornea during homeostasis by two-photon microscopy (Fig. 3.3D). We next
quantified the number of GFP+ cells in each area of the ocular surface epithelium (Fig.
3.3E). The limbus and peripheral cornea (limbus + peripheral cornea) were quantified as
one area due to the difficulty in separating the two areas using the nuclear tomato
reporter. We found that the conjunctiva has a significantly lower number of cycling cells
compared to the limbus and cornea (Fig 3.3E). However, the limbus + peripheral cornea
compared to the mid-cornea had similar numbers of cycling cells (Fig. 3.3E).
3.3.4. Basal cell proliferation increases, but only short-term post-RTX treatment
To investigate whether the rate of proliferation in basal epithelial cells changes
post-denervation, we treated CB1-GFP; nTom reporter mice with RTX and imaged these
mice over time (Fig. 3.4A). In vehicle treated mice, we did not observe a significant
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change in the total number of basal cells in either the limbus + peripheral cornea or midcornea over the entire imaging time course (Fig. 3.4B, C). While in RTX treated mice,
we observed a decrease in the total number of basal cells in both the limbus + peripheral
cornea and mid-cornea one day after treatment (Fig. 3.4B, C). This decrease in cell
number was accompanied by a large increase in the percentage of proliferating cells
across the ocular surface epithelium one day after treatment (Fig. 3.4B, D). Both the
total number of basal cells and the percentage of proliferating cells returned to pretreatment values one week after treatment and was sustained until one month after
treatment (Fig. 3.4B-D). These results suggest that RTX-treatment leads to an abrupt
increase in the number of differentiating cells, which then leads to an increase in
proliferating cells so the tissue can maintain homeostasis.
These data raised the question of whether RTX could directly affect epithelial
cells to cause these observations. To answer this question, we first looked to publicly
available scRNA-seq data generated from isolating single limbal and corneal epithelial
cells (Altshuler et al., 2021). Using these data, we found that the Trpv1 gene was not
expressed in epithelial cells (data not shown). Additionally, to experimentally answer this
question, we treated the corneas of CB1-GFP mice with RTX, then once the epithelium
stabilized, treated the corneas again with RTX (Fig. 3.4E). The second RTX treatment
was applied while the epithelium was still denervated to assess whether treating with
RTX in the absence of innervation would still cause a similar increase in the number of
proliferating basal cells. We found that the second RTX treatment did not cause another
spike in the number of GFP+ cells (Fig. 3.4F). A secondary possibility for the increase in
proliferation may be due to an inflammatory response. We observed many cells with
multi-lobulated nuclei, most likely neutrophils, infiltrate into the limbal and corneal tissue
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one day after treatment (Fig. 3.4G). These cells were no longer present in the tissue one
week after treatment (Fig. 3.4G). Evidence suggests that the sensory nerves within the
cornea interact with different immune cell populations (Liu and Li, 2021), and trigeminal
denervation can cause local inflammation in the cornea (Ferrari et al., 2011). Therefore,
the crosstalk between these cell types most likely plays a role in the observed cellular
behaviors post-RTX treatment.
3.3.5. RTX treatment leads to fewer clones in lineage traced corneas
To assess whether denervation changes how epithelial lineages are formed, we
combined a longitudinal lineage tracing approach with RTX-treatment. For this, we used
mice that express an inducible p63 driver, which allows us to uniformly mark basal
stem/progenitor cells across the entire surface epithelium, with a Confetti reporter allele
(p63Confetti) (Fig. 3.5A). This reporter allele allows for the stochastic expression of
multiple fluorescent reporter genes after Tamoxifen induction. We clonally induced these
mice and treated the corneas with RTX 10 days after the last induction (Fig. 3.5A). One
day after treatment, we observed labelled cells across the epithelium that were
previously in the basal layer begin to differentiate towards the suprabasal layers (Fig.
3.5B). This led to a decrease in the number of labelled clones that remained in the
tissue, in both the outer and inner limbus and the cornea, one week after treatment. We
did not observe any major changes in the formation of the patterns of these lineages.
However, these experiments were done with an n of 1 in each group, so further studies
will be necessary to confirm these results.
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3.3.6. Cycling cell number increases in the limbal epithelium post-laser axotomy
Finally, we used a laser axotomy approach that was previously established in the
lab (Song et al., 2019) to complement the RTX experiments. For this, we used our
microscope to ablate the larger nerves in the limbal stroma as another means to
denervate a portion of the corneal epithelium and followed the same eyes over time (Fig.
3.6A). Using this method, we ablated 3 large branch points on one side of the eye of
CB1-GFP; TRPV1Tom mice (Fig. 3.6B, C). This ablation caused the degeneration of the
nerve fibers downstream of the ablation sites, which lead to only a specific area of the
cornea to be denervated, while the rest of the nerves within the tissue remained intact
(Fig. 3.6D). In control mice, the laser was used to ablate 3 sites similar in size to the
denervation mice, but in a location in the limbal stroma that did not contain nerve
bundles. After laser ablation, we observed an increase in the number of cycling cells in
only the limbus, but not mid-cornea one day post-denervation (Fig. 3.6C, E). We
additionally observed a decrease in proliferating cells in the limbus two weeks after
ablation (Fig. 3.6C, E). However, these data were generated from an n of 1 for each
condition, therefore this experiment must be repeated to validate the results.

3.4. Discussion
Here we combined our previously established two-photon-based microscopy
system with various reporter mice to visualize and quantify changes in the corneal
epithelium after denervation. Using this approach, we characterized the in vivo
organization of the corneal nerves in developing and adult mice and noted that this
organization resembled the pattern of the overlying epithelial lineages in adult mice.
After pharmacologically denervating the epithelium with RTX, we observed a decrease in
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the number of basal cells and an increase in the number of proliferating cells one day
after treatment. However, the tissue returned to baseline by 7 days after treatment and
this was sustained long-term. We additionally observed a decrease in the number of
labelled clones that remained in the tissue in lineage-traced mice, in both the outer and
inner limbus and the cornea, one week after treatment, but did not observe any major
changes in the formation of the patterns of these lineages. Finally, we used laser
axotomy to complement our RTX experiments, and found an increase in the number of
proliferating cells in only the limbus, but not mid-cornea one day post-denervation, and a
decrease in proliferating cells in the limbus two weeks after ablation. Overall, these
studies can be used as a foundation to further investigate the cellular and molecular
consequences of denervating the corneal epithelium.
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3.6. Materials and Methods
3.6.1. Key Resources
REAGENT or RESOURCE
SOURCE
Chemicals, Peptides, and Recombinant Proteins

IDENTIFIER

Tamoxifen

Sigma

Cat #T5648

Ketamine

Midwest Veterinary Supply

Cat #17033100-10

Xylazine

Midwest Veterinary Supply

Cat #31001150-3

Proparacaine

BAUSCH & LOMB

Cat #24208730-06

Resiniferatoxin

Sigma

Cat #R8756

Mineral Oil

CVS Health

Cat #152355

Experimental Models: Organisms/Strains
Mouse: p63-CreER

(Lee et al., 2014)

N/A

Mouse: Rosa26-stop-tdTomato

(Madisen et al., 2010)

RRID:IMSR_
JAX:007908

Mouse: Rosa26-tdTomato-stop-EGFP

(Muzumdar et al., 2007)

RRID:IMSR_
JAX:007676

Mouse: Rosa26-nTomato-stop-nGFP

The Jackson Laboratory

RRID:IMSR_
JAX:023035

Mouse: TrpV1-Cre

(Cavanaugh et al., 2011)

RRID:IMSR_
JAX:017769

Mouse: CyclinB1-GFP

(Klochendler et al., 2012)

RRID:IMSR_
JAX:023345

Mouse: Rosa26-Confetti

(Livet et al., 2007)

RRID:IMSR_
JAX:013731

Software and Algorithms
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GraphPad Prism 9

GraphPad Software

N/A

ImageJ

https://imagej.nih.gov/ij/

N/A

3.6.2. Mice
All procedures involving animal subjects were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania
and were consistent with the guidelines set forth by the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. p63CreER mice were created by J. Xu
(Baylor College of Medicine) and obtained from A. Vaughan (University of
Pennsylvania). R26Confetti mice were obtained from A. Vaughan (University of
Pennsylvania).

R26loxp-stop-loxp-tdTom,

R26loxp-tdTom-stop-loxp-EGFP,

R26loxp-nTom-stop-loxp-nGFP,

CyclinB1-GFP and TrpV1Cre mice were obtained from The Jackson Laboratory. All mice
that were used in this study were bred for multiple generations into a Crl:CD1(ICR)
mixed background. For lineage tracing experiments, Cre activation was induced with a
single intraperitoneal injection of Tamoxifen in corn oil (0.1-2 mg per 20 g body weight).
Mice were induced between 6-8 weeks old and subsequent experiments were
conducted at the indicated times after induction. Experiments included equal
representation of males and females. Mice were housed in a temperature and lightcontrolled environment and received food and water ad libitum. Up to 5 mice of the same
sex and similar age were housed in a cage. Mice were provided Bed-o’Cobs (The
Andersons Lab Bedding), a porous cob material, as bedding and Shred-n’Rich nestlets
(The Andersons Lab Bedding) for nesting and enrichment.
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3.6.3. Intravital imaging of the mouse eye
Preparation of the mice for intravital imaging of the eye was performed with the
following amendments to the previously described protocol (Rompolas et al., 2016).
Mice were initially anesthetized with IP injection of ketamine/xylazine cocktail (0.1 mL /
20 g body weight: 87.5 mg / kg Ketamine, 12.5 mg / kg Xylazine). A deep plane of
anesthesia was verified by checking pedal reflexes. The mouse head was stabilized with
a custom-made stereotaxic apparatus that includes palate bar and nose clamp but no
ear bars. Precision, 3-axis micro-manipulators are used to adjust the head tilt so that the
eye to be imaged is facing up. A drop of eye gel (0.3% Hypromellose) was used as an
optically neutral interface between the eye and a glass coverslip, and to prevent dryness
and irritation to the tissue during the anesthesia and imaging procedure. After
preparation and mounting is complete, the stage is placed on the microscope platform
under the objective lens. A heating pad is used to keep a stable body temperature and
vaporized isoflurane is delivered through a nose cone to maintain anesthesia for the
duration of the imaging process. After each imaging session, the eyes were rinsed with
PBS and the mice were monitored and allowed to recover in a warm chamber before
returned to the housing facility.
3.6.4. Imaging equipment and acquisition settings
Image acquisition was performed with an upright Olympus FV1200MPE
microscope, equipped with a Chameleon Vision II Ti:Sapphire laser. The laser beam
was focused through 10X, 20X or 25X objective lenses (Olympus UPLSAPO10X2, N.A.
0.40; UPLSAPO20X, N.A. 0.75; XLPLN25XWMP2, N.A. 1.05). Emitted fluorescence was
collected by two multi-alkali and two gallium arsenide phosphide (GaAsP) nondescanned detectors (NDD). The following wavelengths were collected by each
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detector: NDD1 419-458 nm; NDD1 458–495 nm; GaAsP-NDD1 495–540 nm; GaAsPNDD2 575–630 nm. GFP and Tomato reporters were excited at 930 nm and their signal
was collected by GaAsP-NDD1 and GaAsP-NDD2, respectively. Second harmonic
generation (SHG) signal was generated using 850 nm or 930 nm excitation wavelengths
and detected by NDD1 or NDD2, respectively. Serial optical sections were acquired in
2–5 µm steps, starting from the surface of the eye and capturing the entire thickness of
the cornea (epithelium ~40 µm, stroma/endothelium ~80 µm). Expanded views of the
cornea and limbus were obtained by acquiring a grid of sequential optical fields-of-view
that were automatically stitched into one high-resolution tiled image using the
microscope manufacturer software. Multi-day tracing experiments were done by reimaging the same field-of-view or the entire eye at the indicated times after the initial
acquisition. For each time point, inherent landmarks within the cornea, including the
organization of the vasculature and collagen fibers (SHG), were used to consistently
identify the limbus and navigate back to the original regions. Macroscopic images of the
mouse eye were acquired under brightfield and fluorescence with an Olympus MVX10
Fluorescent Macro Zoom microscope fitted with Hamamatsu Orca CCD camera for
digital imaging.
3.6.5. RTX treatment
5–7-week-old mice were anesthetized using a ketamine/xylazine mixture. Once
the mouse was fully anesthetized, 1-2 drops of topical 0.5% Proparacaine eye drops
were instilled in each eye. To impair the corneal nerves pharmacologically, we used a
dose of 2.5 μg RTX in 5 μL vehicle (mineral oil). Using a pipette, the solution containing
RTX was applied to one eye. Control mice were treated with vehicle only. Eye ointment
was then placed on the eye to avoid eye dryness and irritation for the duration of the
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anesthesia. To functionally assess denervation up to several months after RTX
application, we examined the blink reflex by touching the center of the cornea of
unanesthetized mice with a sterile filament of cotton. If the cornea had been stably
denervated, the mouse exhibited little to no response.
3.6.6. Laser ablation of corneal sensory nerves
In vivo laser axotomy was performed using the same femtosecond Ti:Sapphire
laser used for fluorescence excitation and imaging. For maximum specificity, a 20X
objective lens (XLPLN25XWMP2, N.A. 1.05) was used to focus the laser beam to the
deeper layers of the corneal stroma where the larger nerve trunks are located before
they branch into thinner fibers that form the sub-basal nerve plexus. The laser was
guided to scan a small area (~100 µm2) at specific branch points of the corneal nerves
within the stroma using the following settings: 850 nm wavelength, 100% laser power, 1
s exposure. Immediately after ablation, the microscope was switched to imaging mode
and a series of serial optical sections were collected to visualize the effect of the laser
ablation.
3.6.7. Quantitative image analysis
Raw digital files from 2-photon imaging were acquired and saved in the OIB
format using the microscope manufacturer’s software (FLUOVIEW, Olympus USA). To
capture extended fields-of-view that encompass the entire ocular surface epithelium,
including the cornea, limbus, and conjunctiva, a tiling method was used to reconstruct a
single image from multiple full-thickness serial optical sections using the microscope
acquisition software. Typically, to image the entire eye using the 10X objective lens, the
microscope defines a square area consisting of 2 ✕ 2 (XY) field-of-view with 10%
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overlap between them. Using the motorized platform, the microscope automatically
acquires the four fields-of-view in a sequential pattern and uses information from the
overlapping margins to stitch the individual fields-of-view into a single image. Raw image
files were imported into ImageJ/Fiji (NIH) using Bio-Formats for further analysis. For cell
counts, supervised image segmentation and blob detection was performed on individual
optical sections. Identified blobs were manually validated and their number, size, and
signal intensity as mean gray values were measured. Images shown in figures typically
represent maximum projections or single optical sections selected from the z stacks
unless otherwise specified.
3.6.8. Quantification of axon density
To quantify axon density in the cornea after RTX treatment or laser ablation, 10X
single stack images of the center of the cornea or the limbus were acquired using 2photon microscopy. Raw image files were imported into ImageJ/Fiji (NIH) for further
analysis. A binary image of the corneal nerves was generated by thresholding, being
sure to exclude the brightest pixels that made up the randomly labelled keratinocytes.
The same threshold settings were applied to all images. The area of the image that was
made up of corneal nerves was measured and the day 0 area was set to 100%.
Subsequent measurements were compared to the day 0 measurement.
3.6.9. Statistical analysis
Sample sizes were not pre-determined, but are similar with what were reported
previously (Rompolas et al., 2016). Data were collected and quantified randomly, and
their distribution was assumed normal, but this was not formally tested. Lineage tracing,
photo-labeling, laser cell-ablation and wounding experiments were successfully
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reproduced under similar conditions using different mouse cohorts. The data presented
in the figures are from a single cohort of at least two mice, imaged in tandem, using
identical experimental parameters. The values of ‘‘n’’ (sample size) refer to data points
obtained from all mice within the cohort, unless otherwise indicated, and are provided in
the figure legends. Statistical calculations and graphical representation of the data were
performed using the Prism software package (GraphPad). Data are expressed as
percentages or mean ± SEM and unpaired Student’s t test was used to analyze datasets
with two groups, unless otherwise stated in the figure legends. For all analyses, p-values
< 0.05 were designated as significant and symbolized in figure plots as *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, with precise values supplied in figure legends. No
data were excluded from the analyses.
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Figure 3.1. Intravital imaging of the corneal nerves by 2-photon microscopy
(A) Intravital imaging of the nerves in the mouse eye is performed using two-photon microscopy.
(B) Genetic alleles used to visualize sensory nerves in the cornea. (C) Side view (top panel) and
top-down view (bottom panel) of a maximum projection of nerve processes throughout the
corneal tissue. (D) Representative images showcasing the development of the whorl-like pattern
in the sub-basal plexus over time. (E) Low and high magnification images that show the
overlapping whorl-like pattern created by the sub-basal plexus and radial epithelial lineages.
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Figure 3.2. Topical RTX-treatment leads to denervation of the corneal epithelium
(A) Diagram depicting the mechanism of action of RTX. (B) Experimental strategy and alleles
used to study denervation in the cornea. (C) Representative images showing the progressive
denervation in RTX-treated corneas. (D) Corneal axon density pre- and post-RTX treatment (n =
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2 or 3 sampled images per time point per condition from 2 or 3 mice, respectively; unpaired t test
with Welch correction, comparing each time point after treatment to day 0 measurement).
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Figure 3.3. Similar cycling dynamics across the limbal and corneal epithelium
(A) Genetic alleles used to visualize and measure proliferating cells in the corneal epithelium.
Diagram on the right shows how the brightness of the CB1-GFP reporter changes throughout the
cell cycle. (B) Representative frames from time-lapse imaging of the cornea of a live mouse. Only
cells that are actively cycling are labelled with GFP. (C, D) Optical sections and corresponding
side view from live imaging showing the number and distribution of actively cycling cells. A
globally expressed nuclear tomato reporter is used to visualize and quantify total cell numbers in
each respective epithelial compartment. (E) Quantification of the number of CB1-GFP+ cells (top
panel) and percentage of CB1-GFP+ cells in each epithelial compartment (n = 6 [conjunctiva] or 8
[limbus + peripheral cornea, mid-cornea] sampled images per epithelial compartment from 2
mice, one-way ANOVA).
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Figure 3.4. Basal cell proliferation increases but only short-term post-RTX treatment
(A) Experimental timeline for RTX treatment and imaging time course. (B) Representative images
of the side of the eye of CB1-GFP; nTom mice pre- and post-RTX treatment. (C) Quantification of
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total number of basal cells over time in the limbus + peripheral cornea and mid-cornea in vehicle
and RTX-treated mice (n = 4 sampled images per epithelial compartment from 2 mice per
condition, one-way ANOVA). (D) Quantification of percentage of CB1-GFP+ cells over time in the
limbus + peripheral cornea and mid-cornea in vehicle and RTX-treated mice (n = 4 sampled
images per epithelial compartment from 2 mice per condition, one-way ANOVA). (E)
Experimental timeline for the two dose RTX treatment and imaging time course. (F) Quantification
of the numberr of CB1-GFP+ cells over time in the limbus + peripheral cornea and mid-cornea in
two dose RTX-treated mice (n = 4 sampled images per epithelial compartment from 1 mouse,
one-way ANOVA). (G) Representative images of nTom channel showing the infiltration of multilobulated cells in the limbal and corneal tissue one day and 7 days post-treatment.

86

Figure 3.5. RTX treatment leads to fewer clones in lineage traced corneas
(A) Genetic alleles and experimental time course used to visualize and track lineage traced
clones pre- and post-RTX treatment. (B) Images of the side of the eyes from p63Confetti mice preand post-RTX treatment.
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Figure 3.6. Cycling cell number increases short-term in the limbal epithelium post-laser
axotomy
(A) Experimental time course used for laser ablation experiments. (B) Representative images
showing the corneal nerve axotomy locations in the limbus. (C) Representative images of the side
of the eyes from CB1-GFP; TRPV1Tom mice pre- and post-ablation. (D) Quantification of axon
density pre- and post-ablation (n = 1 sampled image from each condition from 2 mice). (E)
Quantification of the number of CB1-GFP+ cells in the limbus and mid-cornea in control and
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denervated mice (n = 5 sampled images per epithelial compartment from 1 mouse per condition,
one-way ANOVA).
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CHAPTER 4 – SUMMARY AND FUTURE DIRECTIONS

4.1. Summary
The cornea lines the anterior ocular surface and is necessary to control and
focus incoming light toward the retina. The topmost layer of the cornea consists of a
stratified epithelium that contains cells that undergo constant renewal. This process is
sustained by a population of stem cells that exists within the periphery of the tissue in an
area known as the limbus. While the existence of these stem cells is well established,
their behaviors in vivo and their regulation are poorly understood.
In recent years, 2-photon microscopy has been successfully used to visualize
stem cell behavior in regenerating organs, including the skin (Rompolas et al., 2012),
(Huang and Rompolas, 2017), intestine (Ritsma et al., 2014), and hematopoietic system
(Celso et al., 2009). Such studies have offered critical insight into the cellular
mechanisms that govern tissue maintenance by capturing stem cell activity in their
native tissue environment. The cornea is an ideal tissue for intravital imaging due its
accessibility, optical transparency, defined topology, and relatively simple organization.
Widefield fluorescent imaging combined with in vivo lineage tracing has provided critical
information for the contribution of limbal stem cells to corneal homeostasis and
regeneration (Di Girolamo et al., 2015), (Amitai-Lange et al., 2015a), (Amitai-Lange et al.,
2015c), (Richardson et al., 2017), (Nasser et al., 2018a), (Park et al., 2019b). Building
on this paradigm, we developed a 2-photon microscopy-based intravital imaging system
to visualize cellular activity in real time in the eyes of live mice. Using this method, in
conjunction with various genetic mouse models, we captured and analyzed the activity of
single stem and progenitor cells in the limbus by live imaging. The work presented in this
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dissertation provides novel insights into the mechanisms underlying stem cell behavior
and regulation in the corneal epithelium.
In Chapter 2, we found that the limbal stem cell niche is organized into two
distinct compartments. Stem cells in the inner limbus are more active and are required to
maintain transient corneal progenitors. These progenitors that exit the niche move
centripetally and have a higher propensity to terminally differentiate as they move toward
the center of the cornea. Stem cells in the outer limbus are slow-cycling and display only
local clonal dynamics during homeostasis. However, after injury, these cells can
contribute to corneal wound healing. Taken together, our data demonstrate the cellular
activities

that

sustain

corneal

homeostasis

and

support

a

model

for

the

compartmentalization of the limbus into two distinct stem cell populations with diverse
functions in corneal maintenance and regeneration.
In Chapter 3, we characterized the in vivo organization of the corneal nerves in
developing and adult mice and noted that this organization resembled the pattern of the
overlying epithelial lineages in adult mice. After pharmacologically denervating the
epithelium with RTX, we observed a decrease in the number of basal cells and an
increase in the number of proliferating cells one day after treatment. However, the tissue
returned to baseline by 7 days after treatment and this was sustained long-term. We
additionally observed a decrease in the number of labelled clones that remained in the
tissue in lineage-traced mice, in both the outer and inner limbus and the cornea, one
week after treatment, but did not observe any major changes in the formation of the
patterns of these lineages. Finally, we used laser axotomy to complement our RTX
experiments, and found an increase in the number of proliferating cells in only the
limbus, but not mid-cornea one day post-denervation, and a decrease in proliferating
cells in the limbus two weeks after ablation. These studies can be used as a foundation
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to further investigate the cellular and molecular consequences of denervating the
corneal epithelium.
Overall, the work from this dissertation provides a paradigm for the integrative
use of live imaging to elucidate fundamental mechanisms of stem cell biology in the
mouse corneal epithelium and reconciles longstanding hypotheses for the role of limbal
stem cells in corneal homeostasis and regeneration. Furthermore, this work provides a
resource for future mechanistic work to elucidate additional regulatory mechanisms that
affect stem cell fate and uncover how changes in their activity lead to disease.

4.2. Future Directions
4.2.1. Benefits of having two distinct stem cell populations in the limbus
Since the discovery of slow-cycling, label-retaining cells in the limbus, there has
been intense interest to identify these cells and investigate their behaviors in vivo. With
the use of RNA-sequencing technologies, several studies have curated lists of genes
that are enriched in this slow-cycling population (Parfitt et al., 2015), (Sartaj et al., 2017).
Yet, there has been limited insight into how these cells behave in their native
environment. In Chapter 2, we find that these cells self-renew within the outer limbus
and do not appear to contribute to the formation of the lineages that maintain the corneal
epithelium during homeostasis. This is in contrast to what is observed in other tissues,
such as the hair follicle, where cells in the bulge remain slow cycling but active, during
the growth phase of the hair cycle and directly contribute to progeny that are needed for
hair follicle regeneration, or the hematopoietic system, where rare hematopoietic stem
cells occasionally give rise to multipotent progenitors during unperturbed hematopoiesis
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(Cotsarelis et al., 1990), (Tumbar et al., 2004), (Rompolas et al., 2013), (Wilson et al.,
2008b), (Foudi et al., 2009) , (Busch et al., 2015), (Rodriguez-Fraticelli et al., 2018).
Though it is tempting to devise a similar cohesive model for the cornea, where largely
quiescent cells in the outer limbus give rise to cells in the inner limbus at low rates, this
does not appear to take place under normal physiologic conditions. Based on the
topology of the lineages in our long-term tracing experiments, we find that clones in the
outer and inner limbus remain well-segregated during homeostasis. However, there is
sufficient

evidence,

including

data

from

Chapter

2,

to

suggest

that

the

compartmentalization of the limbus breaks down during extensive corneal injury. Slowcycling cells in the outer limbus display plasticity and serve as a reserve stem cell
population, where they enter the cell cycle and exit their niche to aid in corneal repair
(Huang and Tseng, 1991), (Richardson et al., 2017), (Park et al., 2019a), (Pellegrini and
De Luca, 2014). The cells in the outer limbus may also be required to maintain a barrier
between the cornea and conjunctiva to prevent clones in the conjunctiva to expand into
the cornea. This is a possibility since functionally distinct stem cell populations appear to
be common in transition areas between different epithelia in other organs (Runck et al.,
2010).
It is not fully clear when and how this barrier is breached, and conjunctival cells
can migrate into the cornea. A recent paper showed that after disruption of both
compartments of the limbal epithelium, corneal-committed cells can de-differentiate and
move from the corneal epithelium back into the limbal niche (Nasser et al., 2018b). In
our laser-induced cell ablation experiments in Chapter 2, we did not observe dedifferentiation of p63+ corneal progenitors or the reversal of their typical centripetal
movement. Instead, after local ablation of stem cells in the inner limbus, only cells from
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separate but proximal lineages enter the ablation site and begin to grow toward the
center of the eye. The differences we observe may be due to the techniques used to
deplete stem cells in the limbus, where here, we employed a more precise and localized
method of ablation that only targeted the inner limbal compartment, and therefore an
attenuated injury response. However, when Nasser et al. (2018) damaged both the
entire limbal epithelium and underlying stroma, de-differentiation did not occur, and
conjunctival cells grew into the corneal tissue.
Future studies are necessary to investigate which components of the limbus are
required to maintain the barrier between the conjunctiva and corneal epithelium. 2photon live microscopy is crucial to test this hypothesis because it can be used both for
its precise ablation technology to specifically ablate different components of the limbus
and longitudinal live imaging to follow the same ablation locations over time. To test
whether outer limbal stem cells and their progeny are required to maintain the barrier,
we can specifically ablate the clones in the outer limbus, while preserving the integrity of
the surrounding niche. Because the outer limbal clones are so small, a large ablation
area is necessary to prevent a clone from a proximal lineage to replace the cells in the
ablated area. Additionally, we can specifically ablate the limbal stroma using SHG
microscopy as a guide and observe how the epithelial layer changes over time. Most
likely, the barrier between the conjunctiva and cornea consists of multiple components
that work together to maintain the separation between epithelia. Future work will be
necessary to delve deeper into what occurs when the strict compartmentalization of the
limbus collapses and what signals specific stem cell populations to compensate for
these changes.
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4.2.2. Changes in the limbal stem cell populations throughout life
A direct extension from our work in Chapter 2 is to study when and how the
outer and inner limbal stem cell populations are established. To answer this question, we
must first fully understand how patterns of epithelial cell growth and movement change
in the corneas of developing mice. Collinson et al. (2002) used chimeric LacZ+/- Xinactivation mice to study the postnatal development of epithelial lineages from 3 weeks
to 20 weeks after birth. The authors observed random patches of LacZ-positive cells at 3
weeks of age, which were gradually replaced by radial stripes that extended from the
limbus towards the central cornea by 10 weeks of age (Collinson et al., 2002a). These
results were further confirmed by Richardson et al. (2017), where authors used K14Confetti
to trace epithelial lineages from E16.5 to 10 weeks of age (Richardson et al., 2017). The
authors found K14-expressing progenitors to be widely distributed across the E16.5
cornea that were completely replaced around 10 weeks of age by progenitors generated
from the limbus. Altogether, these data suggest that some time before 10 weeks of age,
most likely between 3 and 5 weeks of age, there is a switch where stem cell activity is
restricted to the limbus and the corneal epithelium is replenished exclusively by
progenitors that arise from the limbus. To test this hypothesis, we will clonally induce
p63Tom mice soon after birth, and use 2-photon live imaging to observe changes in the
epithelial clones in both the limbus and cornea. It will be important to specifically uncover
when the limbal restriction occurs, and how these parameters relate to the specification
of outer vs. limbal stem cells. Additionally, to investigate the molecular mechanisms that
underlie these changes, scRNAseq can be used to assess changes in epithelial
populations at different time points.
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Stem cells must maintain tissue homeostasis throughout the life on an organism,
however, stem cell function can decline with age (Schultz and Sinclair, 2016). To
investigate this phenomenon in the corneal epithelium, Collinson et al. (2002) followed
mice up to around 20 weeks of age and observed widening of LacZ-positive and negative streaks (Collinson et al., 2002a). Next, the authors counted the number of
streaks at different time points and found that the number of epithelial clones decreased
from around 100 in 10-week-old mice to around 75 in 20-week-old mice. The same
group corroborated these findings and attributed this decrease in clone number to a loss
of stem cells or an increase in quiescence over time (Mort et al., 2009a). More recently,
Richardson et al. (2017) amended this theory (Richardson et al., 2017). The authors
induced 6-week-old K14Confetti mice and analyzed the epithelial lineages at various time
points between 1 to 60 weeks after induction. The authors counted around 78 clones at
10 weeks post-induction and this number decreased to around 31 clones at 60 weeks
post-induction. This decrease in number coincided with a linear increase in streak width
over time. These data are more consistent with the idea of population asymmetry and
neutral drift (Klein and Simons, 2011). It will be interesting to study whether this
phenomenon occurs in outer limbal stem cells as well, and if so, at a similar rate.
Additionally, though we did not observe this during our imaging experiments, further
studies are needed to clarify whether outer limbal stem cells can contribute, however
rarely, to inner limbal stem cells during the aging process.
4.2.3. Delving deeper into the external regulation of limbal stem cells
We (Fig. 4.1), as well as others, have used scRNA-seq to investigate the
molecular heterogeneity of cells throughout the mouse (Kaplan et al., 2019), (Altshuler et
al., 2021) and human (Collin et al., 2021), (Li et al., 2021) corneal and limbal epithelium.
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Altshuler et al. (2021) found that quiescent cells in the outer part of the mouse limbus coexpress Krt15/Gpha2/Ifitm3/Cd63, while more active stem cells in the inner part of the
limbus co-express Krt15/Atf3/Mt1-2/Socs3 (Altshuler et al., 2021). Li et al. (2021) also
found similar heterogeneity within isolated cells from the basal limbal epithelium of two
human donors (Li et al., 2021). These results suggest there are subpopulations of stem
cells in the limbus that can be identified using a panel of markers, and that there is a
possibility of using these markers to isolate and enrich for specific populations of limbal
stem cells in the clinic. Furthermore, using these data, future studies should address the
signaling pathways that determine differences in stem cell fate. Altshuler et al. (2021)
found that the outer limbal stem cells are enriched for genes implicated in quiescence,
such as genes part of the PI3K pathway, the BMP pathway (Mira et al., 2010),
(Genander et al., 2014), the tumor suppressor gene Trp53 (Cho et al., 2019), Cyclin D2
(Meyyappan et al., 1998), (Salpeter et al., 2011), and the Wnt inhibitor Srf1. The authors
found that the inner limbal stem cells were enriched for genes linked to proliferation,
such as genes part of the TNF, Wnt, and Ap-1 pathways. A better understanding of how
these genes regulate quiescence vs. self-renewal in both compartments of the limbus
are necessary to generate better cell-based therapies to address corneal disease.
The data presented in Chapter 3 can be used as a foundation to further
investigate the role of corneal innervation in maintaining epithelial homeostasis. Future
studies that combine two-photon live imaging and lineage tracing should be used to
carefully quantify changes in the fate of outer and inner limbal stem cell populations.
Additionally, to minimize the regeneration of axons in the epithelium, multiple rounds of
RTX treatment can be used. This may lead to the development of epithelial defects as
seen in other models of NK (Ferrari et al., 2011), (Ueno et al., 2012), (Okada et al.,
2019). One question that remains unanswered is whether the patterning of the sub-basal
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plexus can affect the patterning of the epithelial lineages above. In Chapter 3, we found
that that every layer of the corneal epithelium is innervated before the formation of the
swirl pattern in the sub-basal plexus. Then the whorl-like pattern of the sub-basal plexus
develops around 3 weeks of age, which precedes the formation of the radial strips in the
corneal epithelium. One method to answer this question is to disrupt the initial patterning
of the sub-basal plexus during development, then observe the subsequent changes in
epithelial lineages.
4.3.4. Translation to patients with corneal disease
As mentioned in Chapter 1, there are several anatomical differences between
the human and mouse limbus. In humans, the limbus is distinct from the rest of the
cornea due to the existence of ridges, called the ‘palisades of Vogt’ (Goldberg and Bron,
1982), and troughs, called limbal epithelial crypts (Dua et al., 2005) or limbal crypts
(Shortt et al., 2007). Additionally, the human limbus is the thickest part of the corneal
tissue, unlike the mouse, where it is half as thick as the rest of the cornea. These
differences may influence how stem cells maintain tissue homeostasis and must be
considered when translating observations from the lab to humans in a clinical setting.
However, there is a multitude of evidence to suggest that the human cornea is
maintained by stem cells in the limbus and that these cells give rise to progenitors that
exit their niche and travel toward the central cornea (Seyed-Safi and Daniels, 2020).
Though we must exercise caution, data generated from mouse studies are useful to
inform us about how to treat corneal disease in humans using cell-based therapies.
Limbal stem cell deficiency (LSCD) is a rare, progressive disease where loss or
dysfunction of limbal stem cells leads to conjunctivalization, neovascularization and
opacification of the corneal epithelium (Dua et al., 2010), (Sacchetti et al., 2018), (Deng
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et al., 2019). Different methods to combat this disease have been developed since 1905,
when the first corneal transplantation was performed (Armitage et al., 2006). Corneal
transplantation can only repair the damaged portion of the central cornea but cannot
restore the presence of limbal stem cells that are necessary to maintain the rest of the
corneal tissue. Recent focus has now shifted towards limbal stem cell transplantation,
where limbal cells from the patient’s unaffected eye are isolated and used to repair the
surface of the contralateral eye (Atallah et al., 2016). Methods where limbal cells are
isolated from the unaffected eye and cultured either ex vivo (cultivated limbal epithelial
transplantation, CLET) or in vivo (simple limbal epithelial transplantation, SLET) have
been met with relative success (Atallah et al., 2016). However, these therapies cannot
be used in cases where patients have a bilateral form of LSCD.
Another potential treatment method is to generate transplantable epithelial
sheets from human induced pluripotent stem cells (iPSCs). Cells similar to corneal
epithelial progenitors have been generated from iPSCs by inhibiting TBFβ and Wnt
signaling and activating FGF signaling (Mikhailova et al., 2014), (Hongisto et al., 2018).
These cells can progress into a more differentiated phenotype and can be cultured on
transplantable bioengineered collagen matrices (Mikhailova et al., 2016). Corneal
organoids (Susaimanickam et al., 2017) and 3D bioprinting (Hayashi et al., 2016), (Seo
et al., 2019) are additional promising in vitro culture system that have been used as
platforms to assess the efficacy of different investigational agents. A list of the most
recent clinical trials to treat different corneal disease and injuries can be found in a
review by Kumar et al. (2021) (Kumar et al., 2021). A comprehensive understanding of
how stem cells coordinate their fate and interact with their surrounding microenvironment
to support tissue homeostasis is necessary to continue developing effective therapies
that address corneal disease.
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Figure 4.1. Using scRNA-seq to explore the heterogeneity within actively cycling
populations in the anterior ocular epithelium
(A) UMAP plot showing 7 distinct groups of cells identified by unbiased clustering. (B) Examples
of differentially expressed genes in the basal layer of the corneal and limbal epithelium. (C)
Examples of differentially expressed genes in the basal layer of the conjunctival epithelium.

100

BIBLIOGRAPHY
Acs, G., Biro, T., Acs, P., Modarres, S., and Blumberg, P.M. (1997). Differential
activation and desensitization of sensory neurons by resiniferatoxin. J. Neurosci. 17,
5622–5628.
Altshuler, A., Amitai-Lange, A., Tarazi, N., Dey, S., Strinkovsky, L., Hadad-Porat, S.,
Bhattacharya, S., Nasser, W., Imeri, J., Ben-David, G., et al. (2021). Discrete limbal
epithelial stem cell populations mediate corneal homeostasis and wound healing. Cell
Stem Cell 28, 1248–1261.e1248.
Amitai-Lange, A., Altshuler, A., Bubley, J., Dbayat, N., Tiosano, B., and ShalomFeuerstein, R. (2015a). Lineage tracing of stem and progenitor cells of the murine
corneal epithelium. Stem Cells 33, 230–239.
Amitai-Lange, A., Altshuler, A., Bubley, J., Dbayat, N., Tiosano, B., and ShalomFeuerstein, R. (2015b). Lineage tracing of stem and progenitor cells of the murine
corneal epithelium. Stem Cells 33, 230–239.
Amitai-Lange, A., Berkowitz, E., Altshuler, A., Dbayat, N., Nasser, W., Suss-Toby, E.,
Tiosano, B., and Shalom-Feuerstein, R. (2015c). A Method for Lineage Tracing of
Corneal Cells Using Multi-color Fluorescent Reporter Mice. J Vis Exp e53370.
Armitage, W.J., Tullo, A.B., and Larkin, D.F.P. (2006). The first successful full-thickness
corneal transplant: a commentary on Eduard Zirm's landmark paper of 1906. Br J
Ophthalmol 90, 1222–1223.
Atallah, M.R., Palioura, S., Perez, V.L., and Amescua, G. (2016). Limbal stem cell
transplantation: current perspectives. Clin Ophthalmol 10, 593–602.
Barbaro, V., Testa, A., Di Iorio, E., Mavilio, F., Pellegrini, G., and De Luca, M. (2007).
C/EBPdelta regulates cell cycle and self-renewal of human limbal stem cells. J. Cell Biol.
177, 1037–1049.
Barnard, Z., Apel, A.J., and Harkin, D.G. (2001). Phenotypic analyses of limbal epithelial
cell cultures derived from donor corneoscleral rims. Clin Exp Ophthalmol 29, 138–142.
Bates, B.D., Mitchell, K., Keller, J.M., Chan, C.-C., Swaim, W.D., Yaskovich, R., Mannes,
A.J., and Iadarola, M.J. (2010). Prolonged analgesic response of cornea to topical
resiniferatoxin, a potent TRPV1 agonist. Pain 149, 522–528.
Belokhvostova, D., Berzanskyte, I., Cujba, A.-M., Jowett, G., Marshall, L., Prueller, J.,
and Watt, F.M. (2018). Homeostasis, regeneration and tumour formation in the
mammalian epidermis. Int. J. Dev. Biol. 62, 571–582.
Bhattacharya, S., Mukherjee, A., Pisano, S., Altshuler, A., Nasser, W., Dey, S.,
Kaganovsky, A., Amitai-Lange, A., Mimouni, M., Socea, S., Hasson, P., Feral, C.,
101

Wolfenson, H., and Shalom-Feuerstein, R. (2021). Soft limbal niche maintains stem cell
compartmentalization and function through YAP. bioRxiv.
Bjerknes, M., and Cheng, H. (2001). Modulation of specific intestinal epithelial
progenitors by enteric neurons. Proceedings of the National Academy of Sciences 98,
12497–12502.
Bobba, S., Di Girolamo, N., Munsie, M., Chen, F., Pébay, A., Harkin, D., Hewitt, A.W.,
O'Connor, M., McLenachan, S., Shadforth, A.M.A., et al. (2018). The current state of
stem cell therapy for ocular disease. Experimental Eye Research 177, 65–75.
Bonini, S., Rama, P., Olzi, D., and Lambiase, A. (2003). Neurotrophic keratitis. Eye
(Lond) 17, 989–995.
Bornschlögl, T., Bildstein, L., Thibaut, S., Santoprete, R., Fiat, F., Luengo, G.S., Doucet,
J., Bernard, B.A., and Baghdadli, N. (2016). Keratin network modifications lead to the
mechanical stiffening of the hair follicle fiber. Proc. Natl. Acad. Sci. U.S.a. 113, 5940–
5945.
Brownell, I., Guevara, E., Bai, C.B., Loomis, C.A., and Joyner, A.L. (2011). Nervederived sonic hedgehog defines a niche for hair follicle stem cells capable of becoming
epidermal stem cells. Cell Stem Cell 8, 552–565.
Busch, K., Klapproth, K., Barile, M., Flossdorf, M., Holland-Letz, T., Schlenner, S.M.,
Reth, M., Höfer, T., and Rodewald, H.-R. (2015). Fundamental properties of unperturbed
haematopoiesis from stem cells in vivo. Nature 518, 542–546.
Canli, Ö., Nicolas, A.M., Gupta, J., Finkelmeier, F., Goncharova, O., Pesic, M.,
Neumann, T., Horst, D., Löwer, M., Sahin, U., et al. (2017). Myeloid Cell-Derived
Reactive Oxygen Species Induce Epithelial Mutagenesis. Cancer Cell 32, 869–883.e5.
Cavanaugh, D.J., Chesler, A.T., Jackson, A.C., Sigal, Y.M., Yamanaka, H., Grant, R.,
O'Donnell, D., Nicoll, R.A., Shah, N.M., Julius, D., et al. (2011). Trpv1 reporter mice
reveal highly restricted brain distribution and functional expression in arteriolar smooth
muscle cells. J. Neurosci. 31, 5067–5077.
Celso, Lo, C., Fleming, H.E., Wu, J.W., Zhao, C.X., Miake-Lye, S., Fujisaki, J., Côté, D.,
Rowe, D.W., Lin, C.P., and Scadden, D.T. (2009). Live-animal tracking of individual
haematopoietic stem/progenitor cells in their niche. Nature 457, 92–96.
Chan, M.F., and Werb, Z. (2015). Animal Models of Corneal Injury. Bio Protoc 5, e1516.
Chen, B., Mi, S., Wright, B., and Connon, C.J. (2010). Investigation of K14/K5 as a stem
cell marker in the limbal region of the bovine cornea. PLoS ONE 5, e13192.
Chen, X., Nadiarynkh, O., Plotnikov, S., and Campagnola, P.J. (2012). Second harmonic
generation microscopy for quantitative analysis of collagen fibrillar structure. Nat Protoc
7, 654–669.
102

Cho, I.J., Lui, P.P., Obajdin, J., Riccio, F., Stroukov, W., Willis, T.L., Spagnoli, F., and
Watt, F.M. (2019). Mechanisms, Hallmarks, and Implications of Stem Cell Quiescence.
Stem Cell Reports 12, 1190–1200.
Clayton, E., Doupé, D.P., Klein, A.M., Winton, D.J., Simons, B.D., and Jones, P.H.
(2007a). A single type of progenitor cell maintains normal epidermis. Nature 446, 185–
189.
Clayton, E., Doupé, D.P., Klein, A.M., Winton, D.J., Simons, B.D., and Jones, P.H.
(2007b). A single type of progenitor cell maintains normal epidermis. Nature 446, 185–
189.
Clevers, H. (2009). Searching for adult stem cells in the intestine. EMBO Mol Med 1,
255–259.
Clevers, H., Loh, K.M., and Nusse, R. (2014). Stem cell signaling. An integral program
for tissue renewal and regeneration: Wnt signaling and stem cell control. Science 346,
1248012.
Collin, J., Queen, R., Zerti, D., Bojic, S., Dorgau, B., Moyse, N., Molina, M.M., Yang, C.,
Dey, S., Reynolds, G., et al. (2021). A single cell atlas of human cornea that defines its
development, limbal progenitor cells and their interactions with the immune cells. Ocul
Surf 21, 279–298.
Collinson, J.M., Morris, L., Reid, A.I., Ramaesh, T., Keighren, M.A., Flockhart, J.H., Hill,
R.E., Tan, S.-S., Ramaesh, K., Dhillon, B., et al. (2002a). Clonal analysis of patterns of
growth, stem cell activity, and cell movement during the development and maintenance
of the murine corneal epithelium. Dev. Dyn. 224, 432–440.
Collinson, J.M., Morris, L., Reid, A.I., Ramaesh, T., Keighren, M.A., Flockhart, J.H., Hill,
R.E., Tan, S.-S., Ramaesh, K., Dhillon, B., et al. (2002b). Clonal analysis of patterns of
growth, stem cell activity, and cell movement during the development and maintenance
of the murine corneal epithelium. Dev. Dyn. 224, 432–440.
Cotsarelis, G., Cheng, S.Z., Dong, G., Sun, T.T., and Lavker, R.M. (1989a). Existence of
slow-cycling limbal epithelial basal cells that can be preferentially stimulated to
proliferate: implications on epithelial stem cells. Cell 57, 201–209.
Cotsarelis, G., Cheng, S.Z., Dong, G., Sun, T.T., and Lavker, R.M. (1989b). Existence of
slow-cycling limbal epithelial basal cells that can be preferentially stimulated to
proliferate: implications on epithelial stem cells. Cell 57, 201–209.
Cotsarelis, G., Sun, T.T., and Lavker, R.M. (1990). Label-retaining cells reside in the
bulge area of pilosebaceous unit: implications for follicular stem cells, hair cycle, and
skin carcinogenesis. Cell 61, 1329–1337.
Daniels, J.T., Dart, J.K., Tuft, S.J., and Khaw, P.T. (2001). Corneal stem cells in review.
Wound Repair Regen 9, 483–494.
103

de Paiva, C.S., Chen, Z., Corrales, R.M., Pflugfelder, S.C., and Li, D.-Q. (2005). ABCG2
transporter identifies a population of clonogenic human limbal epithelial cells. Stem Cells
23, 63–73.
Dekoninck, S., Hannezo, E., Sifrim, A., Miroshnikova, Y.A., Aragona, M., Malfait, M.,
Gargouri, S., de Neunheuser, C., Dubois, C., Voet, T., et al. (2020). Defining the Design
Principles of Skin Epidermis Postnatal Growth. Cell 181, 604–620.e622.
Deng, S.X., Borderie, V., Chan, C.C., Dana, R., Figueiredo, F.C., Gomes, J.A.P.,
Pellegrini, G., Shimmura, S., Kruse, F.E., and The International Limbal Stem Cell
Deficiency Working Group (2019). Global Consensus on Definition, Classification,
Diagnosis, and Staging of Limbal Stem Cell Deficiency. Cornea 38, 364–375.
Di Girolamo, N., Bobba, S., Raviraj, V., Delic, N.C., Slapetova, I., Nicovich, P.R.,
Halliday, G.M., Wakefield, D., Whan, R., and Lyons, J.G. (2015). Tracing the fate of
limbal epithelial progenitor cells in the murine cornea. Stem Cells 33, 157–169.
Dorà, N.J., Hill, R.E., Collinson, J.M., and West, J.D. (2015). Lineage tracing in the adult
mouse corneal epithelium supports the limbal epithelial stem cell hypothesis with
intermittent periods of stem cell quiescence. Stem Cell Res 15, 665–677.
Doupé, D.P., Alcolea, M.P., Roshan, A., Zhang, G., Klein, A.M., Simons, B.D., and
Jones, P.H. (2012). A single progenitor population switches behavior to maintain and
repair esophageal epithelium. Science 337, 1091–1093.
Dua, H.S., Shanmuganathan, V.A., Powell-Richards, A.O., Tighe, P.J., and Joseph, A.
(2005). Limbal epithelial crypts: a novel anatomical structure and a putative limbal stem
cell niche. Br J Ophthalmol 89, 529–532.
Dua, H.S., Miri, A., and Said, D.G. (2010). Contemporary limbal stem cell transplantation
- a review. Clin Exp Ophthalmol 38, 104–117.
Dziasko, M.A., and Daniels, J.T. (2016). Anatomical Features and Cell-Cell Interactions
in the Human Limbal Epithelial Stem Cell Niche. Ocul Surf 14, 322–330.
Eberwein, P., and Reinhard, T. (2015). Concise reviews: the role of biomechanics in the
limbal stem cell niche: new insights for our understanding of this structure. Stem Cells 33,
916–924.
Engler, A.J., Sen, S., Sweeney, H.L., and Discher, D.E. (2006). Matrix elasticity directs
stem cell lineage specification. Cell 126, 677–689.
Farrelly, O., Kuri, P., and Rompolas, P. (2019). In Vivo Genetic Alteration and Lineage
Tracing of Single Stem Cells by Live Imaging. Methods Mol. Biol. 1879, 1–14.
Farrelly, O., Suzuki-Horiuchi, Y., Brewster, M., Kuri, P., Huang, S., Rice, G., Bae, H., Xu,
J., Dentchev, T., Lee, V., et al. (2021). Two-photon live imaging of single corneal stem
cells reveals compartmentalized organization of the limbal niche. Cell Stem Cell 28,
1233–1247.e1234.
104

Ferrari, G., Chauhan, S.K., Ueno, H., Nallasamy, N., Gandolfi, S., Borges, L., and Dana,
R. (2011). A novel mouse model for neurotrophic keratopathy: trigeminal nerve
stereotactic electrolysis through the brain. Invest. Ophthalmol. Vis. Sci. 52, 2532–2539.
Fleming, W.H., Alpern, E.J., Uchida, N., Ikuta, K., Spangrude, G.J., and Weissman, I.L.
(1993). Functional heterogeneity is associated with the cell cycle status of murine
hematopoietic stem cells. J. Cell Biol. 122, 897–902.
Foudi, A., Hochedlinger, K., Van Buren, D., Schindler, J.W., Jaenisch, R., Carey, V., and
Hock, H. (2009). Analysis of histone 2B-GFP retention reveals slowly cycling
hematopoietic stem cells. Nat. Biotechnol. 27, 84–90.
Galletti, J.G., Guzmán, M., and Giordano, M.N. (2017). Mucosal immune tolerance at the
ocular surface in health and disease. Immunology 150, 397–407.
GBD 2019 Blindness and Vision Impairment Collaborators, Vision Loss Expert Group of
the Global Burden of Disease Study (2021). Trends in prevalence of blindness and
distance and near vision impairment over 30 years: an analysis for the Global Burden of
Disease Study. Lancet Glob Health 9, e130–e143.
Genander, M., Cook, P.J., Ramsköld, D., Keyes, B.E., Mertz, A.F., Sandberg, R., and
Fuchs, E. (2014). BMP signaling and its pSMAD1/5 target genes differentially regulate
hair follicle stem cell lineages. Cell Stem Cell 15, 619–633.
Ghazizadeh, S., and Taichman, L.B. (2001). Multiple classes of stem cells in cutaneous
epithelium: a lineage analysis of adult mouse skin. Embo J. 20, 1215–1222.
Goins, K.M. (2005). New insights into the diagnosis and treatment of neurotrophic
keratopathy. Ocul Surf 3, 96–110.
Goldberg, M.F., and Bron, A.J. (1982). Limbal palisades of Vogt. Trans Am Ophthalmol
Soc 80, 155–171.
Goodell, M.A., Nguyen, H., and Shroyer, N. (2015). Somatic stem cell heterogeneity:
diversity in the blood, skin and intestinal stem cell compartments. Nat Rev Mol Cell Biol
16, 299–309.
Gouveia, R.M., Lepert, G., Gupta, S., Mohan, R.R., Paterson, C., and Connon, C.J.
(2019). Assessment of corneal substrate biomechanics and its effect on epithelial stem
cell maintenance and differentiation. Nat Commun 10, 1496–17.
Green, H. (1980). The keratinocyte as differentiated cell type. Harvey Lect. 74, 101–139.
Guo, Z.H., Zhang, W., Jia, Y.Y.S., Liu, Q.X., Li, Z.F., and Lin, J.S. (2018). An Insight into
the Difficulties in the Discovery of Specific Biomarkers of Limbal Stem Cells. Int J Mol
Sci 19, 1982.

105

Hayashi, R., Ishikawa, Y., Sasamoto, Y., Katori, R., Nomura, N., Ichikawa, T., Araki, S.,
Soma, T., Kawasaki, S., Sekiguchi, K., et al. (2016). Co-ordinated ocular development
from human iPS cells and recovery of corneal function. Nature 531, 376–380.
He, J., and Bazan, H.E.P. (2016). Neuroanatomy and Neurochemistry of Mouse Cornea.
Invest. Ophthalmol. Vis. Sci. 57, 664–674.
He, J., Bazan, N.G., and Bazan, H.E.P. (2010). Mapping the entire human corneal nerve
architecture. Experimental Eye Research 91, 513–523.
Higa, K., Kato, N., Yoshida, S., Ogawa, Y., Shimazaki, J., Tsubota, K., and Shimmura, S.
(2013). Aquaporin 1-positive stromal niche-like cells directly interact with N-cadherinpositive clusters in the basal limbal epithelium. Stem Cell Res 10, 147–155.
Hongisto, H., Vattulainen, M., Ilmarinen, T., Mikhailova, A., and Skottman, H. (2018).
Efficient and Scalable Directed Differentiation of Clinically Compatible Corneal Limbal
Epithelial Stem Cells from Human Pluripotent Stem Cells. J Vis Exp.
Huang, A.J., and Tseng, S.C. (1991). Corneal epithelial wound healing in the absence of
limbal epithelium. Invest. Ophthalmol. Vis. Sci. 32, 96–105.
Huang, M., Wang, B., Wan, P., Liang, X., Wang, X., Liu, Y., Zhou, Q., and Wang, Z.
(2015). Roles of limbal microvascular net and limbal stroma in regulating maintenance of
limbal epithelial stem cells. Cell Tissue Res 359, 547–563.
Huang, S., and Rompolas, P. (2017). Two-photon microscopy for intracutaneous
imaging of stem cell activity in mice. Exp. Dermatol. 26, 379–383.
Huang, S., Kuri, P., Aubert, Y., Brewster, M., Li, N., Farrelly, O., Rice, G., Bae, H.,
Prouty, S., Dentchev, T., et al. (2021). Lgr6 marks epidermal stem cells with a nervedependent role in wound re-epithelialization. Cell Stem Cell.
Ishii, R., Yanagisawa, H., and Sada, A. (2020). Defining compartmentalized stem cell
populations with distinct cell division dynamics in the ocular surface epithelium.
Development 147.
Ito, M., Liu, Y., Yang, Z., Nguyen, J., Liang, F., Morris, R.J., and Cotsarelis, G. (2005).
Stem cells in the hair follicle bulge contribute to wound repair but not to homeostasis of
the epidermis. Nat Med 11, 1351–1354.
Jardín, I., López, J.J., Diez, R., Sánchez-Collado, J., Cantonero, C., Albarrán, L.,
Woodard, G.E., Redondo, P.C., Salido, G.M., Smani, T., et al. (2017). TRPs in Pain
Sensation. Front Physiol 8, 392.
Jensen, K.B., Collins, C.A., Nascimento, E., Tan, D.W., Frye, M., Itami, S., and Watt,
F.M. (2009). Lrig1 expression defines a distinct multipotent stem cell population in
mammalian epidermis. Cell Stem Cell 4, 427–439.

106

Kaplan, N., Wang, J., Wray, B., Patel, P., Yang, W., Peng, H., and Lavker, R.M. (2019).
Single-Cell RNA Transcriptome Helps Define the Limbal/Corneal Epithelial Stem/Early
Transit Amplifying Cells and How Autophagy Affects This Population. Invest. Ophthalmol.
Vis. Sci. 60, 3570–3583.
Kasetti, R.B., Gaddipati, S., Tian, S., Xue, L., Kao, W.W.-Y., Lu, Q., and Li, Q. (2016).
Study of corneal epithelial progenitor origin and the Yap1 requirement using keratin 12
lineage tracing transgenic mice. Scientific Reports 6, 35202.
Klein, A.M., and Simons, B.D. (2011). Universal patterns of stem cell fate in cycling adult
tissues. Development 138, 3103–3111.
Klochendler, A., Weinberg-Corem, N., Moran, M., Swisa, A., Pochet, N., Savova, V.,
Vikeså, J., Van de Peer, Y., Brandeis, M., Regev, A., et al. (2012). A transgenic mouse
marking live replicating cells reveals in vivo transcriptional program of proliferation. Dev.
Cell 23, 681–690.
Ksander, B.R., Kolovou, P.E., Wilson, B.J., Saab, K.R., Guo, Q., Ma, J., McGuire, S.P.,
Gregory, M.S., Vincent, W.J.B., Perez, V.L., et al. (2014). ABCB5 is a limbal stem cell
gene required for corneal development and repair. Nature 511, 353–357.
Kumar, A., Yun, H., Funderburgh, M.L., and Du, Y. (2021). Regenerative therapy for the
Cornea. Progress in Retinal and Eye Research 101011.
Kumar, A., and Brockes, J.P. (2012). Nerve dependence in tissue, organ, and
appendage regeneration. Trends Neurosci. 35, 691–699.
Kurpakus, M.A., Maniaci, M.T., and Esco, M. (1994). Expression of keratins K12, K4 and
K14 during development of ocular surface epithelium. Curr Eye Res 13, 805–814.
Lakso, M., Pichel, J.G., Gorman, J.R., Sauer, B., Okamoto, Y., Lee, E., Alt, F.W., and
Westphal, H. (1996). Efficient in vivo manipulation of mouse genomic sequences at the
zygote stage. Proceedings of the National Academy of Sciences 93, 5860–5865.
Larouche, D., Hayward, C., Cuffley, K., and Germain, L. (2005). Keratin 19 as a stem
cell marker in vivo and in vitro. Methods Mol. Biol. 289, 103–110.
Lavker, R.M., Dong, G., Cheng, S.Z., Kudoh, K., Cotsarelis, G., and Sun, T.T. (1991).
Relative proliferative rates of limbal and corneal epithelia. Implications of corneal
epithelial migration, circadian rhythm, and suprabasally located DNA-synthesizing
keratinocytes. Invest. Ophthalmol. Vis. Sci. 32, 1864–1875.
Lavker, R.M., Tseng, S.C.G., and Sun, T.-T. (2004). Corneal epithelial stem cells at the
limbus: looking at some old problems from a new angle. Experimental Eye Research 78,
433–446.
Lee, D.-K., Liu, Y., Liao, L., Wang, F., and Xu, J. (2014). The prostate basal cell (BC)
heterogeneity and the p63-positive BC differentiation spectrum in mice. Int. J. Biol. Sci.
10, 1007–1017.
107

Levy, V., Lindon, C., Harfe, B.D., and Morgan, B.A. (2005). Distinct stem cell populations
regenerate the follicle and interfollicular epidermis. Dev. Cell 9, 855–861.
Li, J., Xiao, Y., Coursey, T.G., Chen, X., Deng, R., Lu, F., Pflugfelder, S.C., and Li, D.-Q.
(2017). Identification for Differential Localization of Putative Corneal Epithelial Stem
Cells in Mouse and Human. Scientific Reports 7, 5169.
Li, J.-M., Kim, S., Zhang, Y., Bian, F., Hu, J., Lu, R., Pflugfelder, S.C., Chen, R., and Li,
D.-Q. (2021). Single-Cell Transcriptomics Identifies a Unique Entity and Signature
Markers of Transit-Amplifying Cells in Human Corneal Limbus. Invest. Ophthalmol. Vis.
Sci. 62, 36.
Liao, X.-H., and Nguyen, H. (2014). Epidermal expression of Lgr6 is dependent on nerve
endings and Schwann cells. Exp. Dermatol. 23, 195–198.
Lien, A.D., and Scanziani, M. (2011). In vivo Labeling of Constellations of Functionally
Identified Neurons for Targeted in vitro Recordings. Front Neural Circuits 5, 16.
Liu, J., and Li, Z. (2021). Resident Innate Immune Cells in the Cornea. Front Immunol 12,
620284.
Livet, J., Weissman, T.A., Kang, H., Draft, R.W., Lu, J., Bennis, R.A., Sanes, J.R., and
Lichtman, J.W. (2007). Transgenic strategies for combinatorial expression of fluorescent
proteins in the nervous system. Nature 450, 56–62.
Ljubimov, A.V., Burgeson, R.E., Butkowski, R.J., Michael, A.F., Sun, T.T., and Kenney,
M.C. (1995). Human corneal basement membrane heterogeneity: topographical
differences in the expression of type IV collagen and laminin isoforms. Lab. Invest. 72,
461–473.
Lobo, E.P., Delic, N.C., Richardson, A., Raviraj, V., Halliday, G.M., Di Girolamo, N.,
Myerscough, M.R., and Lyons, J.G. (2016). Self-organized centripetal movement of
corneal epithelium in the absence of external cues. Nat Commun 7, 12388–12388.
Mackenzie, I.C. (1997). Retroviral transduction of murine epidermal stem cells
demonstrates clonal units of epidermal structure. J. Invest. Dermatol. 109, 377–383.
Madisen, L., Zwingman, T.A., Sunkin, S.M., Oh, S.W., Zariwala, H.A., Gu, H., Ng, L.L.,
Palmiter, R.D., Hawrylycz, M.J., Jones, A.R., et al. (2010). A robust and high-throughput
Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13,
133–140.
Marques-Pereira, J.P., and Leblond, C.P. (1965). MITOSIS AND DIFFERENTIATION IN
THE STRATIFIED SQUAMOUS EPITHELIUM OF THE RAT ESOPHAGUS. Am. J. Anat.
117, 73–87.
Mascré, G., Dekoninck, S., Drogat, B., Youssef, K.K., Broheé, S., Sotiropoulou, P.A.,
Simons, B.D., and Blanpain, C. (2012). Distinct contribution of stem and progenitor cells
to epidermal maintenance. Nature 489, 257–262.
108

McKenna, C.C., and Lwigale, P.Y. (2011). Innervation of the mouse cornea during
development. Invest. Ophthalmol. Vis. Sci. 52, 30–35.
Means, A.L., Xu, Y., Zhao, A., Ray, K.C., and Gu, G. (2008). A CK19(CreERT) knockin
mouse line allows for conditional DNA recombination in epithelial cells in multiple
endodermal organs. Genesis 46, 318–323.
Mesa, K.R., Kawaguchi, K., Cockburn, K., Gonzalez, D., Boucher, J., Xin, T., Klein, A.M.,
and Greco, V. (2018). Homeostatic Epidermal Stem Cell Self-Renewal Is Driven by
Local Differentiation. Cell Stem Cell 23, 677–686.e4.
Meyer-Blazejewska, E.A., Kruse, F.E., Bitterer, K., Meyer, C., Hofmann-Rummelt, C.,
Wünsch, P.H., and Schlötzer-Schrehardt, U. (2010). Preservation of the limbal stem cell
phenotype by appropriate culture techniques. Invest. Ophthalmol. Vis. Sci. 51, 765–774.
Meyyappan, M., Wong, H., Hull, C., and Riabowol, K.T. (1998). Increased expression of
cyclin D2 during multiple states of growth arrest in primary and established cells. Mol.
Cell. Biol. 18, 3163–3172.
Mikhailova, A., Ilmarinen, T., Ratnayake, A., Petrovski, G., Uusitalo, H., Skottman, H.,
and Rafat, M. (2016). Human pluripotent stem cell-derived limbal epithelial stem cells on
bioengineered matrices for corneal reconstruction. Experimental Eye Research 146, 26–
34.
Mikhailova, A., Ilmarinen, T., Uusitalo, H., and Skottman, H. (2014). Small-molecule
induction promotes corneal epithelial cell differentiation from human induced pluripotent
stem cells. Stem Cell Reports 2, 219–231.
Mira, H., Andreu, Z., Suh, H., Lie, D.C., Jessberger, S., Consiglio, A., San Emeterio, J.,
Hortigüela, R., Marqués-Torrejón, M.A., Nakashima, K., et al. (2010). Signaling through
BMPR-IA regulates quiescence and long-term activity of neural stem cells in the adult
hippocampus. Cell Stem Cell 7, 78–89.
Monge, C., DiStasio, N., Rossi, T., Sébastien, M., Sakai, H., Kalman, B., Boudou, T.,
Tajbakhsh, S., Marty, I., Bigot, A., et al. (2017). Quiescence of human muscle stem cells
is favored by culture on natural biopolymeric films. Stem Cell Res Ther 8, 104.
Moore, K.A., and Lemischka, I.R. (2006). Stem cells and their niches. Science 311,
1880–1885.
Morris, R.J., Liu, Y., Marles, L., Yang, Z., Trempus, C., Li, S., Lin, J.S., Sawicki, J.A.,
and Cotsarelis, G. (2004). Capturing and profiling adult hair follicle stem cells. Nat.
Biotechnol. 22, 411–417.
Mort, R.L., Ramaesh, T., Kleinjan, D.A., Morley, S.D., and West, J.D. (2009a). Mosaic
analysis of stem cell function and wound healing in the mouse corneal epithelium. BMC
Dev. Biol. 9, 4–14.

109

Mort, R.L., Ramaesh, T., Kleinjan, D.A., Morley, S.D., and West, J.D. (2009b). Mosaic
analysis of stem cell function and wound healing in the mouse corneal epithelium. BMC
Dev. Biol. 9, 4–14.
Müller, L.J., Pels, L., and Vrensen, G.F. (1996). Ultrastructural organization of human
corneal nerves. Invest. Ophthalmol. Vis. Sci. 37, 476–488.
Müller, L.J., Marfurt, C.F., Kruse, F., and Tervo, T.M.T. (2003). Corneal nerves: structure,
contents and function. Experimental Eye Research 76, 521–542.
Muzumdar, M.D., Tasic, B., Miyamichi, K., Li, L., and Luo, L. (2007). A global doublefluorescent Cre reporter mouse. Genesis 45, 593–605.
Nagasaki, T., and Zhao, J. (2003). Centripetal movement of corneal epithelial cells in the
normal adult mouse. Invest. Ophthalmol. Vis. Sci. 44, 558–566.
Naik, S., Larsen, S.B., Cowley, C.J., and Fuchs, E. (2018). Two to Tango: Dialog
between Immunity and Stem Cells in Health and Disease. Cell 175, 908–920.
Nakamura, T., Hamuro, J., Takaishi, M., Simmons, S., Maruyama, K., Zaffalon, A.,
Bentley, A.J., Kawasaki, S., Nagata-Takaoka, M., Fullwood, N.J., et al. (2014). LRIG1
inhibits STAT3-dependent inflammation to maintain corneal homeostasis. J. Clin. Invest.
124, 385–397.
Nakatsu, M.N., Ding, Z., Ng, M.Y., Truong, T.T., Yu, F., and Deng, S.X. (2011). Wnt/βcatenin signaling regulates proliferation of human cornea epithelial stem/progenitor cells.
Invest. Ophthalmol. Vis. Sci. 52, 4734–4741.
Nasser, W., Amitai-Lange, A., Soteriou, D., Hanna, R., Tiosano, B., Fuchs, Y., and
Shalom-Feuerstein, R. (2018a). Corneal-Committed Cells Restore the Stem Cell Pool
and Tissue Boundary following Injury. Cell Reports 22, 323–331.
Nasser, W., Amitai-Lange, A., Soteriou, D., Hanna, R., Tiosano, B., Fuchs, Y., and
Shalom-Feuerstein, R. (2018b). Corneal-Committed Cells Restore the Stem Cell Pool
and Tissue Boundary following Injury. Cell Reports 22, 323–331.
Notara, M., Alatza, A., Gilfillan, J., Harris, A.R., Levis, H.J., Schrader, S., Vernon, A., and
Daniels, J.T. (2010a). In sickness and in health: Corneal epithelial stem cell biology,
pathology and therapy. Experimental Eye Research 90, 188–195.
Notara, M., Shortt, A.J., Galatowicz, G., Calder, V., and Daniels, J.T. (2010b). IL6 and
the human limbal stem cell niche: a mediator of epithelial-stromal interaction. Stem Cell
Res 5, 188–200.
Ohlstein, B., Kai, T., Decotto, E., and Spradling, A. (2004). The stem cell niche: theme
and variations. Curr Opin Cell Biol 16, 693–699.
Okada, Y., Sumioka, T., Ichikawa, K., Sano, H., Nambu, A., Kobayashi, K., Uchida, K.,
Suzuki, Y., Tominaga, M., Reinach, P.S., et al. (2019). Sensory nerve supports epithelial
110

stem cell function in healing of corneal epithelium in mice: the role of trigeminal nerve
transient receptor potential vanilloid 4. Lab. Invest. 99, 210–230.
Ouyang, H., Xue, Y., Lin, Y., Zhang, X., Xi, L., Patel, S., Cai, H., Luo, J., Zhang, M.,
Zhang, M., et al. (2014). WNT7A and PAX6 define corneal epithelium homeostasis and
pathogenesis. Nature 511, 358–361.
Pajoohesh-Ganji, A., Pal-Ghosh, S., Tadvalkar, G., and Stepp, M.A. (2016).
K14 + compound niches are present on the mouse cornea early after birth and expand
after debridement wounds. Dev. Dyn. 245, 132–143.
Papas, E.B. (2003). The limbal vasculature. Cont Lens Anterior Eye 26, 71–76.
Parfitt, G.J., Kavianpour, B., Wu, K.L., Xie, Y., Brown, D.J., and Jester, J.V. (2015).
Immunofluorescence Tomography of Mouse Ocular Surface Epithelial Stem Cells and
Their Niche Microenvironment. Invest. Ophthalmol. Vis. Sci. 56, 7338–7344.
Park, M., Richardson, A., Pandzic, E., Lobo, E.P., Lyons, J.G., and Di Girolamo, N.
(2019a). Peripheral (not central) corneal epithelia contribute to the closure of an annular
debridement injury. Proc. Natl. Acad. Sci. U.S.a. 116, 26633–26643.
Park, M., Richardson, A., Pandzic, E., Lobo, E.P., Whan, R., Watson, S.L., Lyons, J.G.,
Wakefield, D., and Di Girolamo, N. (2019b). Visualizing the Contribution of Keratin-14+
Limbal Epithelial Precursors in Corneal Wound Healing. Stem Cell Reports 12, 14–28.
Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S.,
Ponzin, D., McKeon, F., and De Luca, M. (2001a). p63 identifies keratinocyte stem cells.
Proceedings of the National Academy of Sciences 98, 3156–3161.
Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S.,
Ponzin, D., McKeon, F., and De Luca, M. (2001b). p63 identifies keratinocyte stem cells.
Proceedings of the National Academy of Sciences 98, 3156–3161.
Pellegrini, G., Golisano, O., Paterna, P., Lambiase, A., Bonini, S., Rama, P., and De
Luca, M. (1999). Location and clonal analysis of stem cells and their differentiated
progeny in the human ocular surface. J. Cell Biol. 145, 769–782.
Pellegrini, G., and De Luca, M. (2014). Eyes on the prize: limbal stem cells and corneal
restoration. Cell Stem Cell 15, 121–122.
Perez, V.L. (2017). Visualization of Immune Responses in the Cornea. Cornea 36 Suppl
1, S5–S8.
Peter, M., Bathellier, B., Fontinha, B., Pliota, P., Haubensak, W., and Rumpel, S. (2013).
Transgenic mouse models enabling photolabeling of individual neurons in vivo. PLoS
ONE 8, e62132.
Piedrafita, G., Kostiou, V., Wabik, A., Colom, B., Fernandez-Antoran, D., Herms, A.,
Murai, K., Hall, B.A., and Jones, P.H. (2020). A single-progenitor model as the unifying
111

paradigm of epidermal and esophageal epithelial maintenance in mice. Nat Commun 11,
1429–15.
Pineda, R. (2020). World Corneal Blindness. In Foundations of Corneal Disease: Past,
Present and Future, K. Colby, and R. Dana, eds. (Cham: Springer International
Publishing), pp. 299–305.
Potten, C.S. (1974). The epidermal proliferative unit: the possible role of the central
basal cell. Cell Tissue Kinet 7, 77–88.
Powell, A.E., Wang, Y., Li, Y., Poulin, E.J., Means, A.L., Washington, M.K.,
Higginbotham, J.N., Juchheim, A., Prasad, N., Levy, S.E., et al. (2012). The pan-ErbB
negative regulator Lrig1 is an intestinal stem cell marker that functions as a tumor
suppressor. Cell 149, 146–158.
Qi, H., Chuang, E.Y., Yoon, K.-C., de Paiva, C.S., Shine, H.D., Jones, D.B., Pflugfelder,
S.C., and Li, D.-Q. (2007). Patterned expression of neurotrophic factors and receptors in
human limbal and corneal regions. Mol. Vis. 13, 1934–1941.
Qi, H., Li, D.-Q., Shine, H.D., Chen, Z., Yoon, K.-C., Jones, D.B., and Pflugfelder, S.C.
(2008). Nerve growth factor and its receptor TrkA serve as potential markers for human
corneal epithelial progenitor cells. Experimental Eye Research 86, 34–40.
Rama, P., Matuska, S., Paganoni, G., Spinelli, A., De Luca, M., and Pellegrini, G. (2010).
Limbal stem-cell therapy and long-term corneal regeneration. N. Engl. J. Med. 363, 147–
155.
Rice, G., and Rompolas, P. (2020). Advances in resolving the heterogeneity and
dynamics of keratinocyte differentiation. Curr Opin Cell Biol 67, 92–98.
Richardson, A., Lobo, E.P., Delic, N.C., Myerscough, M.R., Lyons, J.G., Wakefield, D.,
and Di Girolamo, N. (2017). Keratin-14-Positive Precursor Cells Spawn a Population of
Migratory Corneal Epithelia that Maintain Tissue Mass throughout Life. Stem Cell
Reports 9, 1081–1096.
Richardson, A., Park, M., Watson, S.L., Wakefield, D., and Di Girolamo, N. (2018).
Visualizing the Fate of Transplanted K14-Confetti Corneal Epithelia in a Mouse Model of
Limbal Stem Cell Deficiency. Invest. Ophthalmol. Vis. Sci. 59, 1630–1640.
Ritsma, L., Ellenbroek, S.I.J., Zomer, A., Snippert, H.J., de Sauvage, F.J., Simons, B.D.,
Clevers, H., and van Rheenen, J. (2014). Intestinal crypt homeostasis revealed at singlestem-cell level by in vivo live imaging. Nature 507, 362–365.
Rodriguez-Fraticelli, A.E., Wolock, S.L., Weinreb, C.S., Panero, R., Patel, S.H., Jankovic,
M., Sun, J., Calogero, R.A., Klein, A.M., and Camargo, F.D. (2018). Clonal analysis of
lineage fate in native haematopoiesis. Nature 553, 212–216.

112

Rompolas, P., Deschene, E.R., Zito, G., Gonzalez, D.G., Saotome, I., Haberman, A.M.,
and Greco, V. (2012). Live imaging of stem cell and progeny behaviour in physiological
hair-follicle regeneration. Nature 1–5.
Rompolas, P., Mesa, K.R., and Greco, V. (2013). Spatial organization within a niche as a
determinant of stem-cell fate. Nature 502, 513–518.
Rompolas, P., Mesa, K.R., Kawaguchi, K., Park, S., Gonzalez, D., Brown, S., Boucher,
J., Klein, A.M., and Greco, V. (2016). Spatiotemporal coordination of stem cell
commitment during epidermal homeostasis. Science 352, 1471–1474.
Runck, L.A., Kramer, M., Ciraolo, G., Lewis, A.G., and Guasch, G. (2010). Identification
of epithelial label-retaining cells at the transition between the anal canal and the rectum
in mice. Cell Cycle 9, 3039–3045.
Sacchetti, M., Rama, P., Bruscolini, A., and Lambiase, A. (2018). Limbal Stem Cell
Transplantation: Clinical Results, Limits, and Perspectives. Stem Cells Int 2018,
8086269.
Salpeter, S.J., Klochendler, A., Weinberg-Corem, N., Porat, S., Granot, Z., Shapiro,
A.M.J., Magnuson, M.A., Eden, A., Grimsby, J., Glaser, B., et al. (2011). Glucose
regulates cyclin D2 expression in quiescent and replicating pancreatic β-cells through
glycolysis and calcium channels. Endocrinology 152, 2589–2598.
Sartaj, R., Zhang, C., Wan, P., Pasha, Z., Guaiquil, V., Liu, A., Liu, J., Luo, Y., Fuchs, E.,
and Rosenblatt, M.I. (2017). Characterization of slow cycling corneal limbal epithelial
cells identifies putative stem cell markers. Scientific Reports 7, 3793.
Scadden, D.T. (2014). Nice neighborhood: emerging concepts of the stem cell niche.
Cell 157, 41–50.
Schermer, A., Galvin, S., and Sun, T.T. (1986). Differentiation-related expression of a
major 64K corneal keratin in vivo and in culture suggests limbal location of corneal
epithelial stem cells. J. Cell Biol. 103, 49–62.
Schimmelpfennig, B. (1982). Nerve structures in human central corneal epithelium.
Graefes Arch. Clin. Exp. Ophthalmol. 218, 14–20.
Schofield, R. (1978). The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells 4, 7–25.
Schultz, M.B., and Sinclair, D.A. (2016). When stem cells grow old: phenotypes and
mechanisms of stem cell aging. Development 143, 3–14.
Senoo, M., Pinto, F., Crum, C.P., and McKeon, F. (2007). p63 Is essential for the
proliferative potential of stem cells in stratified epithelia. Cell 129, 523–536.

113

Seo, J., Byun, W.Y., Alisafaei, F., Georgescu, A., Yi, Y.-S., Massaro-Giordano, M.,
Shenoy, V.B., Lee, V., Bunya, V.Y., and Huh, D. (2019). Multiscale reverse engineering
of the human ocular surface. Nat Med 25, 1310–1318.
Seyed-Safi, A.G., and Daniels, J.T. (2020). The limbus: Structure and function.
Experimental Eye Research 197, 108074.
Shortt, A.J., Secker, G.A., Munro, P.M., Khaw, P.T., Tuft, S.J., and Daniels, J.T. (2007).
Characterization of the limbal epithelial stem cell niche: novel imaging techniques permit
in vivo observation and targeted biopsy of limbal epithelial stem cells. Stem Cells 25,
1402–1409.
Singh, R., Gupta, N., Vanathi, M., and Tandon, R. (2019). Corneal transplantation in the
modern era. Indian J. Med. Res. 150, 7–22.
Song, Y., Li, D., Farrelly, O., Miles, L., Li, F., Kim, S.E., Lo, T.Y., Wang, F., Li, T.,
Thompson-Peer, K.L., et al. (2019). The Mechanosensitive Ion Channel Piezo Inhibits
Axon Regeneration. Neuron 102, 373–389.e376.
Stepp, M.A., Tadvalkar, G., Hakh, R., and Pal-Ghosh, S. (2017). Corneal epithelial cells
function as surrogate Schwann cells for their sensory nerves. Glia 65, 851–863.
Susaimanickam, P.J., Maddileti, S., Pulimamidi, V.K., Boyinpally, S.R., Naik, R.R., Naik,
M.N., Reddy, G.B., Sangwan, V.S., and Mariappan, I. (2017). Generating minicorneal
organoids from human induced pluripotent stem cells. Development 144, 2338–2351.
Takeda, N., Jain, R., LeBoeuf, M.R., Wang, Q., Lu, M.M., and Epstein, J.A. (2011).
Interconversion between intestinal stem cell populations in distinct niches. Science 334,
1420–1424.
Touhami, A., Grueterich, M., and Tseng, S.C.G. (2002). The role of NGF signaling in
human limbal epithelium expanded by amniotic membrane culture. Invest. Ophthalmol.
Vis. Sci. 43, 987–994.
Truong, A.B., Kretz, M., Ridky, T.W., Kimmel, R., and Khavari, P.A. (2006). p63
regulates proliferation and differentiation of developmentally mature keratinocytes.
Genes Dev 20, 3185–3197.
Tuck, H., Park, M., Carnell, M., Machet, J., Richardson, A., Jukic, M., and Di Girolamo, N.
(2021). Neuronal-epithelial cell alignment: A determinant of health and disease status of
the cornea. Ocul Surf 21, 257–270.
Tumbar, T., Guasch, G., Greco, V., Blanpain, C., Lowry, W.E., Rendl, M., and Fuchs, E.
(2004). Defining the epithelial stem cell niche in skin. Science 303, 359–363.
Ueno, H., Ferrari, G., Hattori, T., Saban, D.R., Katikireddy, K.R., Chauhan, S.K., and
Dana, R. (2012). Dependence of corneal stem/progenitor cells on ocular surface
innervation. Invest. Ophthalmol. Vis. Sci. 53, 867–872.
114

Versura, P., Giannaccare, G., Pellegrini, M., Sebastiani, S., and Campos, E.C. (2018).
Neurotrophic keratitis: current challenges and future prospects. Eye Brain 10, 37–45.
Wang, L., Sharma, K., Deng, H.-X., Siddique, T., Grisotti, G., Liu, E., and Roos, R.P.
(2008). Restricted expression of mutant SOD1 in spinal motor neurons and interneurons
induces motor neuron pathology. Neurobiol. Dis. 29, 400–408.
Watt, F.M., and Hogan, B.L. (2000). Out of Eden: stem cells and their niches. Science
287, 1427–1430.
West, J.D., Dorà, N.J., and Collinson, J.M. (2015). Evaluating alternative stem cell
hypotheses for adult corneal epithelial maintenance. World J Stem Cells 7, 281–299.
West, J.D., Mort, R.L., Hill, R.E., Morley, S.D., and Collinson, J.M. (2018). Computer
simulation of neutral drift among limbal epithelial stem cells of mosaic mice. Stem Cell
Res 30, 1–11.
Wilson, A., Laurenti, E., Oser, G., van der Wath, R.C., Blanco-Bose, W., Jaworski, M.,
Offner, S., Dunant, C.F., Eshkind, L., Bockamp, E., et al. (2008a). Hematopoietic stem
cells reversibly switch from dormancy to self-renewal during homeostasis and repair.
Cell 135, 1118–1129.
Wilson, A., Laurenti, E., Oser, G., van der Wath, R.C., Blanco-Bose, W., Jaworski, M.,
Offner, S., Dunant, C.F., Eshkind, L., Bockamp, E., et al. (2008b). Hematopoietic stem
cells reversibly switch from dormancy to self-renewal during homeostasis and repair.
Cell 135, 1118–1129.
Yoshida, S., Shimmura, S., Kawakita, T., Miyashita, H., Den, S., Shimazaki, J., and
Tsubota, K. (2006). Cytokeratin 15 can be used to identify the limbal phenotype in
normal and diseased ocular surfaces. Invest. Ophthalmol. Vis. Sci. 47, 4780–4786.
Zhang, B., Ma, S., Rachmin, I., He, M., Baral, P., Choi, S., Gonçalves, W.A., Shwartz, Y.,
Fast, E.M., Su, Y., et al. (2020). Hyperactivation of sympathetic nerves drives depletion
of melanocyte stem cells. Nature 577, 676–681.
Zhang, Y., Yeh, L.-K., Zhang, S., Call, M., Yuan, Y., Yasunaga, M., Kao, W.W.-Y., and
Liu, C.-Y. (2015). Wnt/β-catenin signaling modulates corneal epithelium stratification via
inhibition of Bmp4 during mouse development. Development 142, 3383–3393.
Zieske, J.D., Bukusoglu, G., and Yankauckas, M.A. (1992). Characterization of a
potential marker of corneal epithelial stem cells. Invest. Ophthalmol. Vis. Sci. 33, 143–
152.

115

